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Although gasoline supplies a sizeable portion of the transportation industry’s 
energy demand, renewable alternatives offer competitive environmental, economical, and 
innovative benefits.  Biomass is a long-standing, renewable energy source that can 
potentially off-set the demand placed on corn ethanol.  Cellulose and corn generate ethanol 
using similar production schemes; however, ethanol production from corn is much less 
labor intensive.  As a result, cellulosic ethanol production requires a more rigorous four 
stage process that employs chemicals, enzymes, and microorganisms to convert cellulose 
into ethanol.  Biomass structure limits the ease of cellulose conversion into ethanol.  
Numerous approaches have been explored to resolve this limitation, and their efficiencies 
are typically quantified by monitoring improvements in cellulose saccharification (1) with 
fungal enzymes.  While these measurements hold great value, structural characterizations 
attempt to clarify structural reason(s) for the improved hydrolysis.  The information 
gathered from characterization experiments will help to direct the selection of the most 
favorable features in biomass for ethanol production.   
The three major polymers in biomass are cellulose, hemicellulose, and lignin, and 
each possesses structural properties that have been linked to recalcitrance through 
individual or combinatory effects (2, 3).  Accordingly, various instruments and wet 
chemistry methods are available to measure these properties (4, 5).  Recalcitrance is 
currently better understood in fungal cellulases than in an alternative, integrated scheme 
known as consolidated bioprocessing (CBP). Nonetheless, plant cell wall features that 
influence ethanol production during CBP can also be assessed with the same methodology 
 xvii 
and instrumentation.  Lignin, in particular, has been consistently identified as challenge to 
cellulose hydrolysis (6) and may pose similar issues in C. thermocellum.  This work 
clarifies biomass features such as lignin content and structure that negatively influence the 
CBP microorganism Clostridium thermocellum.   
To understand the structural properties that are altered by C. thermocellum, the 
initial investigation compared six Populus trichocarpa before and after CBP.  Ethanol 
yields were recorded paired with characterization data to determine trends in CBP 
efficiencies.  Several properties of cellulose, hemicellulose, and lignin in non-treated and 
CBP-treated P. trichocarpa were assessed.   Gel permeation chromatography (GPC) was 
used for the molecular weight analysis of cellulose and hemicellulose, while nuclear 
magnetic resonance spectroscopy (NMR) detailed lignin structure in top, middle, and poor-
performing P. trichocarpa.  Lastly, total lignin contents were measured with pyrolysis 
molecular beam mass spectrometry in all natural variants to assess its contributions to 
recalcitrance.  Overall, lignin structure and contents appeared to be related to ethanol 
yields. 
Considering lignin’s role in the initial findings, the second study attempted to detail 
the impact of lignin S/G ratio on ethanol yields. Two P. trichocarpa with S/G ratio 
extremes were selected to undergo CBP with C. thermocellum and yielded drastically 
different hydrolysis activities. Therefore, a series of experiments were conducted to 
account for the higher solids solubilization in the high S/G ratio P. trichocarpa. Potential 
inhibitors were identified with GC-MS and screened to measure their concentration 
differences between the two P. trichocarpa.  Lignin S/G ratio was confirmed with NMR 
spectroscopy, and its molecular weight alongside cellulose molecular weights were also 
 xviii 
obtained with GPC.  Simon’s staining, which requires UV-Visible spectroscopy, was also 
conducted to determine accessibility differences between samples.  Lignin molecular 
weights and accessibilities pointed towards structural differences in lignin that were the 
most likely contributors to solubilization differences. 
The third study examined the appropriateness of the Simons’ stain in determining 
accessibility’s role during CBP, as C. thermocellum is believed to carry out hydrolysis at 
the biomass surface.  Simons’ staining partially relies on biomass porosity to measure 
accessibility and may not be entirely transferable to CBP.  Eight P. trichocarpa (four high 
density and four low density) and were subjected to separate hydrolysis and fermentation 
(SHF) and CBP.  Klason lignin contents were assessed with wet chemistry, while cellulose 
molecular weights were measured with GPC.  Surface roughness measurements were 
carried out to relate biomass porosity to the biomass surface.  Simons’ staining was applied 
to the control biomass and was paired with the ethanol yields from SHF and CBP data to 
correlate accessibility to CBP.  Klason lignin contents and biomass accessibility appeared 
to be related to the extent of CBP. 
The former three studies confirmed that recalcitrance persists during CBP, and 
lignin remains a barrier to ethanol production.  To clarify, poorer performing biomass 
generally contained high lignin contents and/or features of lignin that had been previously 
associated with recalcitrance with fungal cellulases.  In the final part of this work, an 
advanced NMR technique and ATR-FTIR were used to examine the structure of lignin 
before and after CBP to determine if lignin is altered during CBP.  The analyses revealed 
that lignin structure experiences small, but discernable, changes following CBP, which 
suggest that C. thermocellum catalyzes changes to lignin.       
 xix 
Each study provided compelling reasoning to strongly consider lignin’s part in 
limiting CBP efficiencies at the laboratory and eventually the industrial scale.  To make 
cellulosic ethanol production feasible with CBP, lignin structure and content must be 
manipulated with genetic modifications or carefully selected in natural variants to combat 
these difficulties. 
 1 
CHAPTER 1. INTRODUCTION 
1.1 The Case for Cellulosic Ethanol 
 The development of the gasoline-powered internal combustion engine represented 
a major advancement in individual and industrial mobility.  In 1875, the Congressional 
Horseless Carriage Committee, though weary of the adoption of gasoline, acknowledged 
the great potential of this fuel: “It [gasoline] may someday prove to be more revolutionary 
in the development of human society than the invention of the wheel, the use of metals, or 
the steam engine (7).”  The impact of this resource was quickly realized upon the 
commercialization of the Model T in 1908 and the accompanying expansion of gasoline 
consumption (8). This demand has continued to surge over the past century to meet the 
world’s ever-growing transportation energy needs.  Even more recently, the number of 
gasoline barrels consumed is projected to steadily climb from 8.9 million per day in 2016 
to 9.5 million per day in 2018 (9). 
 Gasoline is derived from petroleum, a naturally occurring mixture of gaseous, 
liquid, plastic, and solid hydrocarbons amongst other lesser constituents.  Petroleum has 
remained a longstanding energy source for several reasons, as outlined in the National 
Petroleum Council’s (NPC) report Advancing Technologies for America’s Transportation 
Future (10).  For example, petroleum is a relatively reliable energy source that seldom 
experiences shortages.  Petroleum delivers high energy compared to many other fuel 
sources and is easily transported.  Furthermore, petroleum contains a diverse group of 
hydrocarbon structures, thereby making it tunable and amenable to a variety of engines.   
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 While gasoline can fuel an internal combustion engine alone, ethanol is often 
added, typically in percentages less than 15%, to attain a variety of benefits.  Ethanol 
blending conserves gasoline, a nonrenewable resource, and improves octane content.  
Ethanol produced within the US also reduces the need for imported crude oil and 
encourages energy security.  The 2014 Ethanol Industry Outlook documented the drastic 
reduction in oil imports from 60% in 2005 to 45% in 2011, which was partly attributed to 
expanded ethanol production (11).  Domestic ethanol production supports job growth in 
rural areas.  In 2015, the Renewable Fuels Association reported that ethanol production 
accounted for 86,000 jobs in the US (12).  Additionally, ethanol generates reduced 
combustion deposits, promotes clean burning, and reduces the amount of greenhouse 
emissions produced.  Typically, one gallon of gasoline produces 8.9 kg of carbon dioxide, 
whereas E10 blends (90% gasoline, 10 % ethanol) generate 8.02 kg of carbon dioxide (13). 
These benefits provide support for the continued use and expansion of ethanol. 
 Though ethanol demonstrates value in transportation, the key impediments to its 
widespread use are supply and cost.  Corn, the primary feedstock for domestically produced 
ethanol, is not abundant enough to replace gasoline (14).  Additionally, the food vs. fuel 
debate expresses concern that competition exists between corn or other foodstuffs for use 
as a fuel and food.  Therefore, the demand for one industry may cut into the supply for 
another.  Secondly, the costs for cellulosic ethanol production remain a major barrier to 
widespread commercialization.  To address cost, significant governmental intervention has 
been required to encourage ethanol production and use.  For example, the Energy Policy 
Act of 2005 established the Renewable Fuels Standard (RFS) program, which was designed 
to increase the volume of renewable fuels added to gasoline by 7.5 billion gallons by 2012.  
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The Energy Independence and Security Act of 2007 (EISA) later revised the RFS program 
to include 36 billion gallons of renewable fuels in the transportation fuel supply by 2022.  
Interestingly, the RFS restricts ethanol produced from corn to 15 billion gallons by 2015 
in order to meet the demand of other industries (15).  This cap provides an opportunity to 
explore nonfood feedstocks, such as cellulose more in depth.  
 Cellulosic biofuels encompass renewable fuels such as cellulosic ethanol or 
gasoline derived from the biopolymers hemicellulose, cellulose, and/or lignin (16).  
Lignocellulosic biomass, which describes plants or plant-based materials, is a typical 
source of hemicellulose, cellulose, and lignin (Figure 1).  Cellulose is similar in 
composition to the plant polysaccharide starch, a common raw material for ethanol 
production.  Both cellulose and starch can be converted to ethanol; however, ethanol 
derived from starch is currently produced at a cost that is 40% lower per liter than from 
cellulose (17).  Stereochemical differences between these molecules partly account for this 
price discrepancy.  In cellulose, glucose units are joined together by β(1→4) linkages as 
opposed to α(1→4) linkages in starch.  Cellulose therefore adopts a linear structure, 
whereas starch assumes a helical conformation.  Unlike starch, individual cellulose 
molecules can be packed more closely together and form a rigid, crystalline structure that 
is difficult to process during ethanol production (18).  Cellulose’s crystalline structure is 
one of several lignocellulosic structural impediments that have spurred ongoing research 





(C)                      
Figure 1 - The three primary cell wall polymers (A) cellulose, (B) [a representative] 
hemicellulose (xylan), and (C) lignin; n represents the number of repeat units 
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 Lignocellulosic Biomass 
 Lignocellulosic biomass offers the transportation industry a geographically 
dispersed, renewable feedstock for ethanol production.  Biomass encompasses several 
materials including but not limited to hardwoods, softwoods, and herbaceous plants.  Each 
differs in cellulose, hemicellulose, and lignin composition (Table 1), which influences the 
ease, extent, and expenses associated with biomass processing.  Typically, biomass is 
converted into ethanol in four steps: pretreatment, enzymatic hydrolysis, fermentation, and 
distillation.  Due to its higher lignin content, softwoods generally require harsher 
pretreatments and higher enzyme loadings than herbaceous and hardwood biomass (19).  
The challenges presented during the processing of softwoods have shifted a great deal of 
interest into cellulosic ethanol production to the rapidly-growing hardwoods and the high-
yielding herbaceous plants (20).  It is worth noting that the three aforementioned polymers 
account for the majority of plant biomass; however, minor components such as structural 
proteins, ash, and extractives exist that constitute the remaining portion of plant biomass. 
 The genus Populus describes a collection of approximately 40 species of 
hardwoods (aspen, cottonwood, poplar, and their hybrids) located in Europe and North 
America that have emerged as a leading bioenergy crop.  Poplars are short-rotation, 
genetically diverse crops that are well-characterized and are easily genetically manipulated.  
The US Department of Energy has embraced poplar for transportation fuels since the 
1970s, and research for its use has continued into the present-day.  The species Populus 
trichocarpa (black cottonwood) has attracted considerable interest for biofuel applications 
as it tolerates a range of climates and grows faster than any other hardwood in the US.  Its 
arguably most impressive trait is that its entire genome has been sequenced (21).  
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Table 1 – Representative cellulose, hemicellulose and lignin contents in various biomasses 
 Cellulose 
(%) 
Hemicellulose (%) Total Lignin (%) 
Hardwood 
Eastern cottonwood (Populus 
deltoides) 
42.2 16.6 25.6 
Yellow poplar 42.06 18.93 23.35 
Black cotton wood (Populus 
trichocarpa) (22) 
57.9 17.5 24.6* 
Softwood 
Monterey pine (Pinus radiata) 41.7 20.5 25.9 
Balsam fir (Abies balsamea) (23) 42 27 29 
Herbaceous 
Switchgrass (Variety-Trailblazer) 34.44 25.46 19.96 
Sweet sorghum (Variety-Cultivar 
M81E) 
22.48 13.81 11.34 
Source: http://www.afdc.energy.gov/biomass/progs/search1.cgi 
*Klason lignin (%) 
 Cellulose 
Cellulose, the most abundant macromolecule on Earth, is a linear chain of β-(1→4) 
linked D-glucose.  Cellulose typically spans 10,000 units in length but varies depending on 
the source and contains between a highly variable cellulose content that commonly range 
between 25 and 90.  Properties such as cellulose DP and crystallinity vary widely between 
biomass (Table 2).  The fundamental repeat unit of cellulose is cellobiose, a disaccharide 
formed by a pair of β-D-glucose joined by acetyl linkages.  Each glycosyl ring in cellulose 
contains three free hydroxyl groups at carbons 2, 3, and 6; the hydroxyl group at C6 is the 
least sterically hindered and most accessible for chemical reactions.  Accessibility to the 
hydroxyl groups influences cellulose’s chemical interactions with other molecules.  Within 
the plant cell wall, cellulose interacts with other cellulose chains, hemicellulose and lignin.  
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Cellulose participates in intermolecular hydrogen bonding, which bundles individual 
cellulose chains into microfibrils, which contribute to cellulose’s integrity and rigidity.  
These microfibrils also form multiple hydrogen bonds with hemicellulose to create a close 
association between the two (24). Under the appropriate reaction conditions, the hydroxyl 
groups participate in chemical reactions that add functional groups to the cellulose 
backbone and impart new chemical properties or interrupt bonds between cellulose and 
lignin or hemicellulose. 
Table 2 – Cellulose crystallinities and degrees of polymerization (DP) from select biomass 
as determined by NMR and GPC 
Source Crystallinity Cellulose DP 
Aspen (Populus tremula) 48% (25) 4581 (26) 
Sugarcane bagasse 58.9 % (27) 925 (26) 
Balsam fir NR 4400 (26) 
Birch (Betula pendula) 41% (25) 5500 (26) 
Scots pine (Pinus sylvestris) ~53% (28) NR 
Monterey pine (Pinus radiata) ~50% (29) 3063 (26) 
Poplar 50 (30) 3500 (26, 30) 
Populus trichocarpa x deltoides ~53% (3) NR 
Norway spruce (Picea abies) 54% (25) NR 
NR: not reported in the original publication 
 Hemicellulose 
 Hemicelluloses are linear or branched polysaccharides composed of five- and/or 
six- carbon sugars (Table 3).  Hemicelluloses are either homo- (i.e. xylan, mannan, etc.) or 
heteropolymers (i.e. glucomannans, xyloglucans, etc.) and are soluble in alkali or water.  
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Hemicelluloses are commonly linked by β-(1→4) acetal linkages; however, β-(1→3,1→4) 
linkages also occur between glucans. Furthermore, hemicelluloses typically span less than 
200 units in length  (31); typical hemicellulose molecular weights are listed in Table 4.   As 
in celluloses, the monosaccharides in hemicelluloses contain hydroxyl groups that differ in 
reactivity and participate in various chemical interactions.  For example, hemicellulose 
forms hydrogen bonds with water, making them easily hydrolyzable.  As previously 
described, cellulose microfibrils form hydrogen bonds with hemicellulose.  Hydrogen 
bonding occurs more extensively in unsubstituted hemicellulose rather than in substituted 
hemicellulose, as the side chains prevent close packing.  Hemicelluloses are commonly 
covalently bound to lignin to form LCCs and also form crosslinks with structural proteins 
in plants (32). 












Aspen (33) 44.5 17.7 1.7 0.5 1.3 
Alfalfa (33) 30.2 9.7 1.5 3.8 3.0 
Corn stover (34) 36.4 30.8 NR 1.8 NR 
Douglas fir (35) 40.0 14.3 2.2 3.2 2.2 
Eucalyptus grandis (36) 48.6 11.5 0.9 0.2 0.9 
Populus deltoides × 
Populus nigra (37) 
43.05 17.90 2.60 0.75 1.35 
Rice straw (38) 36.32 19.45 NR NR NR 
Switchgrass (39)  45.6 26.1 0.5 3.1 0.2 
NR: not reported in the original publication 
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Table 4 – The molecular weights of hemicellulose isolated from various biomasses as 
determined by GPC 
 Mn (g/mol) Mw (g/mol) PDI 
Birch (40) 15,000 16,900 1.11 
Larch (40) 14,000 17,400 1.23 
Pine  (40) 15,700 19,900 1.24 
Populus trichocarpa (22) 25,000 33,500 1.3 
Spruce (40) 14,600 18,400 1.22 
Switchgrass (41) 10,800 18,700 7.3 
 Lignin 
 Lignin drastically differs from cellulose and hemicellulose in that it is a structurally 
complex polymer derived from phenylpropanoid units.  Coniferyl alcohol, p-coumaryl 
alcohol, and sinapyl alcohol are the three monomeric units of lignin (Figure 2), which 
undergo radical coupling reactions to form this network polymer.  Each monolignol 
contains a phenolic ring but differs in the number and position of methoxyl groups on its 
aromatic ring.  Substitution on lignin is not limited to methoxylation on the aromatic ring; 
certain lignins have confirmed acetyl groups at their γ position.  The acetyl groups are 
generally associated with S lignin but also occur on G lignin as well (42).   Acetyl groups 
occur in a number of biomasses (42), but remain many biomasses that require similar 
confirmation.  Acetylation quantification has been slightly challenging due to the removal 
of acetyl groups during samples preparation; however, the Derivatization Followed by 
Reductive Cleavage (DFRC) method has successfully identified acetylation in several 
hardwoods (42) and herbaceous plants (43).  It appears that acetylation occurs prior to 
radical polymerization and functions in mechanical strength and resistance towards 
biological stressors (44). 
 In many plants, lignin’s γ position can also house an aromatic moiety known as p-
hydroxybenzoate.  In poplars, p-hydroxybenzoate is almost exclusively associated with S 
lignin (45).  Similar to acetylation, lignin is believed to contain p-hydroxybenozate prior 
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to radical polymerization (45, 46).  Studies have suggest that increased p-hydroxybenzoate 
concentrations improve enzymatic hydrolysis efficiencies with fungal cellulases (47, 48). 
 Radical polymerization of the coniferyl alcohol, sinapyl alcohol, and p-coumaryl 
alcohol monolignols generates ether and/or carbon-carbon bonds, which form guaiacyl (G), 
syringyl (S), and p-hydroxyphenyl (H) lignin.  Additionally, the bond types generated 
during the radical polymerizations vary widely (Table 5), but the β-O-4 linkage is most 
common.   Figure 3 illustrates and further defines the several types of interunit linkages 
present in lignin. 
 
Figure 2 The three primary monolignol units of lignin (A) p-coumaryl alcohol (B) coniferyl 






Table 5 – Select lignin interunit linkages and their relative abundances in various biomasses 









Arabidopsis thaliana (49) 78.7 4.1 15.4 1.0 
Forage sorghum (Sorghum, sp.) (50) 50 5 37 8 
Populus tremula × alba (51) 86.7 7.9 2.0 2.1 
Bamboo (Bamboo rigida, sp.) (52) 49.01 7.07 2.17 NR 
Miscanthus × giganteus (53) 42.1 3.8 9.9 NR 
Wheat straw (53) 45.3 5.6 8.3 NR 
Poplar (53) 43.1 6.0 1.6 NR 
NR: not reported in the original publication 
 Lignin’s structure is highly heterogeneous, and its variability stems from a slew of 
factors including plant species and age.  Lignin composition varies between lignocellulose 
type (Table 6).  For example, hardwoods contain both S and G lignin, whereas softwoods 
contain mostly G lignin and small amounts of H lignin.  G, S, and H lignin are all 
represented in herbaceous biomass.   
 Radical polymerization generates varied lignin molecular weights, which is partly 
attributed to its structural properties.  For example, H-lignin participates in β-β and β-5 
linkages that limit lignin polymerization, thereby reducing polymer length (54).  The 
proportion of sinapyl alcohol that is incorporated into lignin compared to coniferyl alcohol 
also appear to influence lignin molecular weight.  More specifically, lower S/G ratio are 
associated with decreased molecular weights (55).  Table 7 reports the molecular weights 





Table 6 – Lignin S, G, and H contents (%) of several biomasses determined by NMR 
 S (%) G (%) H (%) 
Wheat straw (56) 37 60 3 
Olive tree pruning (56) 83 16 1 
Miscanthus × giganteus (57) 52 44 4 
Populus tremula × Populus alba (58) 69.2 30.8 NR 
Typha capensis (57) 46 27 27 
Sugarcane bagasse (59) 32.3 22.8 3.2 
NR: not reported in the original publication 
 The phenolic groups present in lignin are important sites for the previously 
described chemical interactions with hemicellulose and cellulose.  Additionally, phenolic 
groups have been recognized as a common starting point for lignin depolymerization or 








Table 7 – The molecular weights of MWL and CEL from hardwood, softwood, and 
herbaceous biomasses as determined by GPC 
 Lignin 
isolation 
Mn (g/mol) Mw (g/mol) PDI 
Beech (Fagus sylvatica) (62) MWL 3690 5510 1.49 
Sugarcane bagasse (59) CEL 1673 3176 1.9 
Populus albaglandulosa (63) MWL 4176 13250 3.17 
Populus trichocarpa (64) CEL 2959 9938 3.3 
Switchgrass (55) CEL 3031 8856 NR 
Alfalfa (Medicago sativa) (65) CEL NR 6000 NR 
Loblolly pine (Pinus taeda) (66) MWL 989 7790 7.9 
NR: not reported in the original publication 



















Figure 3 Select interunit linkages in lignin from left to right (β-β, β-O-4, α-O-4, 4-O-5, β-







1.2 Addressing Recalcitrance during Cellulosic Ethanol Production 
 Although compelling reasons exist to produce cellulosic ethanol, high production 
costs have stifled its broad commercialization.  The plant cell wall’s architecture, which is 
designed to promote plant survival, presents extensive challenges to cellulose conversion 
to ethanol.  Cellulosic ethanol production typically involves four stages: pretreatment, 
enzymatic hydrolysis, fermentation, and distillation.  Pretreatments are biological, 
chemical, and/or physical processes that induce structural alterations to biomass to 
facilitate the subsequent enzymatic hydrolysis.  Fungal cellulases, which cleave cellulose 
chains into smaller fragments such as glucose, carry out cellulose hydrolysis.  Yeast such 
as Saccharomyces cerevisiae uptake glucose and carry out fermentation to produce ethanol 
amongst other fermentation byproducts.  Finally, distillation separates ethanol from the 
other fermentation products.  Pretreatment, enzymatic hydrolysis, fermentation, and 
feedstock optimization either collectively or individually influence the feasibility and 
economics of ethanol production from lignocellulosic biomass.  
 Overcoming biomass recalcitrance, or resistance to enzymatic hydrolysis, has 
spurred several areas of technological interest.  Plant genetics have become increasingly 
important as this area can be used to manipulate the lignin biosynthetic pathway and reduce 
recalcitrance (67).  Plant genetics also reveal the inherent traits of natural variants that 
reduce recalcitrance (68), which demonstrate the relevance of genetics even in the absence 
of engineering.   
 While the acid-based approach offers lower costs, shorter processing times and 
greater resistance to product inhibition than hydrolytic enzyme-based approaches, 
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cellulases remain the preferred tools for carrying out hydrolysis. This is because, unlike 
acid hydrolysis, cellulase-based enzymatic hydrolysis employs milder conditions, reduces 
capital costs, produces higher yields, and does not generate inhibitory byproducts that can 
disrupt downstream fermentation by microorganisms (69). In addition, the acid-catalyzed 
hydrolysis of cellulose generates carbohydrate-derived dehydration products, which are 
undesirable for the cellulase-based deconstruction of cellulose (70).  Recently, studies have 
been conducted to improve the efficiency and decrease the cost of the enzymatic hydrolysis 
process using recombinant technologies (71), ionic liquids (72), accessory enzymes (73), 
and alterations of plant cell wall structure focused on modification to their lignin content 
(74-77), however, this stage still remains as the main bottleneck preventing cost efficiency. 
Therefore, as an alternative, the direct saccharification of lignocellulosic biomass has 
similarly been investigated, but has been shown to negatively impact the efficiency of 
enzymatic hydrolysis when compared to the saccharification of pretreated substrates in a 
variety of biomass sources (78-80). 
 Enzymes as well as pretreatments represent two costly processes in the cellulosic 
ethanol production scheme, and both are often targeted to combat recalcitrance (81).  
Pretreatments are an especially diverse approach to overcoming recalcitrance as a 
multitude of approaches (ionic liquids, dilute acid, hydrothermal, etc.) have been taken to 
achieve improvements in enzymatic hydrolysis (82).  Recalcitrance can also be combatted 
by addressing the low activity of fungal cellulases and improving enzymatic hydrolysis 
efficiencies. In several cases, investigations have shifted towards employing systems that 
deconstruct biomass more efficiently than the traditional fungal cellulases.  For instance, 
certain microorganisms such as Clostridium thermocellum possess a multi-enzyme 
complex that promotes synergy between enzymes, thereby facilitating hydrolysis (83).    
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 Though it was found to be industrially relevant since the late 1970s, C. 
thermocellum has presented a ground-breaking approach to biomass deconstruction.  Its 
multi-enzyme complex, known as its cellulosome, mobilizes several types of enzymes that 
break down not only cellulose but also other plant cell wall components.  C. 
thermocellum’s cellulosome has demonstrated remarkable enzyme hydrolysis properties 
compared to fungal cellulases (83).  Ongoing research aspires to solidify its significance 
and competitive edge in the biofuel industry.  
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CHAPTER 2. LITERATURE REVIEW† 
 During the 1970s, the world oil crisis prompted intensive research into cellulosic 
ethanol as a gasoline substitute.  Over the following decade, the scientific community 
intensely searched for biomass (84), microorganisms (85), and biochemical (86) and 
processing variables (87, 88) that could further the feasibility of cellulosic ethanol.  Almost 
50 years have elapsed since the oil crisis, and the scientific community remains baffled by 
fundamentally similar topics (89) and the central issue, how can cellulosic ethanol be 
produced in a large scale manner cost-effectively?  Its solution is likely multifaceted, as 
several factors influence cellulosic ethanol production costs. 
2.1 Cost Reduction through Integration 
Condensing the ethanol production scheme towards the direct conversion of biomass 
into ethanol has consistently demonstrated desirable properties for ethanol production (90-
92).  While there are many approaches for ethanol production, there are five schemes that 
are excellent examples of process condensation: separate hydrolysis and fermentation 
(SHF), simultaneous saccharification and fermentation (SSF), simultaneous 
saccharification and co-fermentation (SSCF), consolidated bioprocessing (CBP), and 
integrated bioprocessing (IBP).  Figure 4 illustrates how each subsequent scheme integrates 
steps in the former scheme.   
†
Portions of this chapter are an excerpt from the review article entitled The Emergence of Clostridium thermocellum as a high utility 
candidate for consolidated bioprocessing applications, which was published in 2014.  The original manuscript can be retrieved at 
https://doi.org/10.3389/fchem.2014.00066 and is referenced as Akinosho, H.; Yee, K.; Close, D.; Ragauskas, A., The emergence of 
Clostridium thermocellum as a high utility candidate for consolidated bioprocessing applications. Frontiers in Chemistry 2014, 2 (66).  
Permissions to reproduce are located in Appendix A. 
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Figure 4 Process integration for ethanol production reduces the number of stages required 
to convert lignocellulosic biomass into ethanol. (purple – pretreatment, cellulose 
production – yellow, enzymatic hydrolysis-green, hexose fermentation-red, pentose 
fermentation-orange, condensation of stages - blue) 
aAll CBP microorganisms do not carry out hexose and pentose fermentation. 
 Using Pretreatments to Facilitate Biomass Solubilization 
The minimum requirements for ethanol production are a pretreatment, cellulase 
production, the enzymatic hydrolysis of cellulose chains, and fermentation of five- and/or 
six-carbon sugars.  Four of the five above schemes use a pretreatment, which employs 
biological, chemical, and/or physical means under a wide range of conditions to induce 
structural changes in biomass.  These changes include but are not limited to the removal of 
hemicellulose, the redistribution of lignin, and the creation of larger pores.  Hydrothermal 
pretreatments, for instance, use high-temperature water to remove hemicellulose and 
partially remove and redistribute lignin.  These changes have been linked to increased 
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surface area and porosity in pretreated beech wood and a 63% improvement in enzymatic 
hydrolysis (93).  Unlike the other systems, IBP emphasizes the use of microorganisms to 
carry out pretreatments (94) in an integrated scheme.   
Pretreatments are believed to exert a significant impact on cost reduction in 
cellulosic ethanol production (95).  Though pretreatments vary in type (Table 8), several 
considerations influence their efficacy and suitability.  Firstly, the pretreatment should 
maximize cellulose recovery as sugar yields vary between pretreatments (96).  Co-solvent 
enhanced lignocellulosic fractionation, or CELF, is an innovative pretreatment that uses a 
combination of water and tetrahydrofuran at 150°C to remove impressive amounts of 
hemicellulose and lignin.  Furthermore, CELF achieves high theoretical yields (>80%) in 
the presence of modest enzyme (2 mg enzyme/g glucan) concentrations (97, 98).  Under 
similar time and temperature combinations for example, CELF removed 57.4% more lignin 
than the dilute acid in pretreated corn stover and conserved approximately 30% more 








Table 8 – Various pretreatments, their classification, and typical processing conditions for 
cellulosic ethanol production 
Pretreatment Classification 
Typical conditions 






1-30 h 25-85°C 
Dilute acid (5) 
Acid (H2SO4, HCl, 
etc.) at  
0.3-2% w/w) 
1 min – 2 h 120-180°C 
CELF (97, 99) 
THF and dilute 
(e.g. 0.5%) acid  








Liquid NH3, > 3 
MPa 
10-60 min 60-100°C 
Wet oxidation 
(5) 



















Secondly, the pretreatment should minimize inhibitor generation, which potentially 
restricts the subsequent hydrolysis and/or fermentation stages.   In a comparative study, 
Qing et al. (2010) found that xylooligomers, which can be derived from pretreatments (101, 
102), reduced the initial rate of hydrolysis of Avicel by as much as 81.9%, which was 
significantly more than xylose- or xylan-induced inhibition (103).  Fermentation inhibition 
post-pretreatment also suppresses ethanol productivity but can potentially be mitigated 
with activated carbon or polymeric materials (104, 105).   
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Lastly, chemical costs and energy demands should be reasonably curtailed during 
the pretreatment (106) to avoid additional exorbitant costs to ethanol production.  To meet 
this need, recent studies have focused on limiting energy-intensive process parameters 
(107), selecting less energy demanding pretreatments (e.g. steam explosion rather than 
conventional milling) (108), and using the hydrothermal pretreatment, which uses minimal, 
or if any, added chemicals (109).   
 Managing the Costliness of Cellulase Production 
Cellulase production is expensive but essential to the enzymatic hydrolysis stage 
that proceeds pretreatment.  Fungal cellulases isolated from Trichoderma sp. hold the 
greatest industrial relevance for cellulose hydrolysis, but cellulases may come from other 
fungi, bacteria, animals, plants, and microorganisms.  Cellulase activities of 15 FPU are 
generally required to achieve the sugar yields necessary for cellulosic ethanol production 
from pretreated biomass (110).  Cellulase isolation is carried out via submerged or solid 
state fermentation; submerged fermentations, though energy intensive, are favored as they 
provide a highly-controlled environment.  The costs associated with enzyme production 
are proposed to range between $3.80 and $6.75 per kg enzyme and $4.00 to $8.80 per kg 
enzyme for on-site and off-site production, respectively (111).  Cellulase production 
accounts for an estimated 25 to 50 percent of the total ethanol production costs (112) and 
potentially contributes between $0.10/gal to $0.32/gal to the total ethanol.  Though 
estimates vary considerably, Klein-Marcuschamer et al. (2007) reported that the former 
approximations are underestimates and more reasonable values, as determined by 
modeling, range between $0.60 and $1.30/gal ethanol in poplar (113).  Hence, original but 
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practical solutions that are desperately required to reduce these costs.  The proposed 
solutions take the form of improved growth media for cellulase-producing organisms 
(114), optimized culture conditions (115, 116), or improved strains through genetic 
manipulations (117). 
Cellulase production produces the enzymes that carry out cellulose hydrolysis.  
Cellulases are typically added at 15 FPU per g biomass (118) but can be added as low as 1 
FPU per g biomass (118) or as high as 45 FPU per g biomass (119). Enzymatic hydrolysis 
converts cellulose chains into smaller units such as cellooligosaccharides, cellobiose, and 
glucose.  Three categories of cellulases accomplish this conversion: endoglucanses, 
exoglucanases, and β-glucosidases.  During this multi-step process, endoglucanases 
randomly cleave β-(1→4) linkages within cellulose chains to yield smaller fragments.  
Exoglucanases carry out hydrolysis on the resulting fragments at the nonreducing end to 
yield cellobiose.  Exoglucanases and endoglucanases cleave cellulose differently due to 
structural differences in their active sites.  Endoglucanases accommodate cellulose in a 
cleft-shaped active site, whereas exoglucanases accommodate cellulose fragments in a 
tunnel-shaped active site (120).   Finally, β-glucosidases locate the disaccharide cellobiose 
and hydrolyze it into the monomer glucose.   
While these enzymes can break down cellulose, their activity is low —100 times 
less than the amylases used to break down starch.  The low activity translates into lengthy 
processing times and contributes to higher operating costs (121).  The enzyme cocktail 
applied during biomass deconstruction generally contains additional enzymes such as 
pectinases and hemicellulases to remove any barriers these materials present to hydrolysis. 
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 Recalcitrance Limits Enzymatic Hydrolysis 
 The enzymatic hydrolysis stage is central to recalcitrance – the resistance of 
biomass to enzymatic (or microbial) degradation.  Several features of biomass influence 
the ease of deconstruction, including but not limited to lignin composition, cellulose 
crystallinity, and extractive content.  Many, if not all, of the plant attributes linked to 
recalcitrance hold value in plant integrity and survival.  Cellulose crystallinity confers 
strength to the plant, while lignin assists in structural support (122).  Enzymatic hydrolysis 
rates and the factors that drive their efficiencies are integral in understanding, approaching, 
and ultimately overcoming recalcitrance.  
 Fermentation 
 The glucose liberated during enzymatic hydrolysis is taken up by bacteria or yeast, 
most commonly Saccharomyces cerevisiae, to yield ethanol.  S. cerevisiae incorporates 
glucose into the Embden-Meyerhoff pathway, where it undergoes several reactions to 
become the three-carbon intermediate pyruvate.  Under anaerobic conditions, pyruvate is 
further converted into ethanol through fermentation (123).  While glucose fermentation is 
well-established on a commercial scale, the fermentation of hemicellulose-derived C5 and 
C6 sugars is not.  Utilization of these sugars adds additional starting materials for ethanol 
production and reduces waste.  The fermentation of hemicellulose-derived sugars would 
require the incorporation of a hemicellulose hydrolysis step, but the sugars released could 
be fermented with a native (124) or engineered S. cerevisiae (124) or another 
microorganism that utilizes both sugar types (125).  Finally, distillation separates ethanol 
from other fermentation products. 
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 Integration: A Promising Route to Lowering Ethanol Production Costs 
 Integration of the different steps of ethanol production represents a powerful step 
towards managing costs.  For instance, enzymatic hydrolysis occurs between 45-50°C, 
while fermentation occurs between 30-32°C.  Systems that carry out both processes 
simultaneously mitigate the temperature difference between stages and reduce the 
associated heating and cooling energy costs.  Furthermore, practices that enable onsite 
cellulase production help to lower added costs associated with offsite production and 
capital investments (126).  A process cost reduction analysis for biofuels identified CBP 
as the leading tool for cost management during ethanol production.  Of the eight areas 
considered, CBP’s potential stood at 41%, while pretreatment elimination had the next 
highest cost reduction potential at 22% (127).    
 Consolidated Bioprocessing Microorganisms 
Currently, several microorganisms have attracted considerable interest in 
combining the steps used during ethanol production in a process termed consolidated 
bioprocessing (CBP).  Select microorganisms that carry out CBP are listed in Table 9 in 
addition to their benefits and limitations.  Table 9 highlights the many considerations for a 
CBP matrix such as ethanol tolerance, hydrolysis rate, and ethanol titer.  Although there is 










• Relatively high ethanol 
productivity, titers, and 
yields (min. 12% w/v) 




• Cannot ferment C5 
sugars 





• Hydrolyzes C5 and C6 
sugars amongst several 
other cell wall 
components 
• Contains a multi-
enzyme unit that 
promotes synergism 
between enzymes 
• Achieves cellulose 




• Does not undergo 
genetic manipulations 
easily 
• Low ethanol tolerance 
Caldicellusiruptor 
bescii (131) 
• Utilizes a wide range of 
plant-derived substrates 




• Easily amenable to 
genetic manipulation  




• May require the 
addition of enzymes 





• Converts a wide array 
of biomass components 
and substrates to 
ethanol 
• Low ethanol yields (2.8 
g⋅L−1) 
2.2 Clostridium thermocellum and its Relevancy to the Cellulosic Ethanol Industry  
 Fossil fuels raise significant concerns related to supply longevity, sustainability, 
energy security, and environmental impact.  For these reasons, renewable energy sources 
are attracting considerable attention as alternatives to their nonrenewable counterparts.  
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However, in the search for an alternative replacement, any new fuel compound must first 
meet three primary considerations in order to be regarded as a viable candidate: it must 
have the potential to supply the world’s energy demands, it must be able to reduce negative 
environmental effects relative to current fossil fuels, and it must be cost-competitive.  With 
the current state of the art, ethanol derived from lignocellulosic biomass addresses two of 
these considerations, however, its production in a cost-effective manner is currently lacking 
due to the difficulties in breaking down and converting the sugars locked within the 
lignocellulosic feedstocks. 
 Currently, most industrial lignocellulosic bioprocessing applications utilize 
Escherichia coli, Zymomonas mobilis, Saccharomyces cerevisiae, or a handful of other 
yeast strains in conjunction with exogenous hydrolytic enzymes to release fermentable 
sugars from the biomass substrate (136). These organisms, however, are utilized primarily 
because of their thoroughly developed and studied genetic engineering toolkits, 
physiology, and metabolic pathways. As a possible exception, S. cerevisiae does have 
several advantageous traits such as its natural ethanol tolerance and ability to grow at acidic 
pH, however, it remains incapable of surviving at the optimal temperatures of exogenous 
hydrolytic enzymes and, in its wild type form, is unable to ferment pentose sugars (137, 
138).  
 One promising approach to circumventing the cost and restriction of this 
conventional workflow is the use of consolidated bioprocessing (CBP). CBP technologies 
combine the enzyme production, hydrolysis, and fermentation stages into a single step, 
improving processing efficiencies, eliminating the need for added exogenous hydrolytic 
enzymes, and reducing the sugar inhibition of cellulases ride(132, 139, 140). This approach 
reduces the number of unit operations, and lowers the overall capital cost of the process 
(132, 141).  
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 However, for this approach to be economically feasible, an industrially relevant 
consolidated bioprocessing microorganism is required that produces a hydrolytic enzyme 
system capable of solubilizing a realistic biomass substrate and fermenting both hexose 
and pentose sugars to ethanol at > 90% of its theoretical yield, a titer of at least 40 g/L, and 
a fermentation rate of > 1 g/L/hr (142, 143). Unfortunately, no microorganisms with these 
characteristics have yet been discovered, and therefore genetic engineering strategies will 
be required to develop such a strain. In this regard, two strategies have been developed to 
engineer an appropriate organism. The first approach seeks to engineer a naturally highly 
efficient cellulolytic microbe to produce the desired product. The second approach applies 
a recombinant cellulolytic strategy, and strives to engineer a microbe with naturally high 
product titer, rate, and yield to express a hydrolytic enzyme system that efficiently 
solubilizes biomass substrates (132, 139, 144, 145).  
 While there are myriad gene sets available that encode enzymes capable of 
degrading plant biomass, heterologously expressing these suites of enzymes in a non-
natively cellulolytic host microorganism requires the transfer, optimization, expression, 
and coordination of many genes.  This potentially represents a more difficult barrier to 
overcome than engineering a naturally cellulolytic microorganism to produce ethanol. 
Therefore, thermophilic cellulolytic microorganisms have become attractive targets for this 
approach, as their growth at high temperatures reduces the risk of contamination, integrates 
well with existing processing streams, and increases the solubility and digestibility of their 
required substrates (145-147).  However, regardless of which strategy is realized, each has 
the potential to unlock an efficient method for the production of ethanol from 
lignocellulosic biomass (132, 139, 142, 148, 149). To date, a wide variety of 
microorganisms have been investigated for this process (150, 151), however, Clostridium 
thermocellum has emerged as a particularly attractive high utility candidate because its use 
of a cellulosome has demonstrated remarkable enzymatic hydrolysis efficiency compared 
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to free cellulases (152, 153). This review will therefore focus specifically on C. 
thermocellum’s role as a candidate for CBP and how it can be utilized to improve the 
suitability of this process towards the production of ethanol as a realistic replacement for 
existing liquid transportation fuel sources. 
 Clostridium thermocellum 
2.2.1.1 Isolation and Initial Characterization 
C. thermocellum is an anaerobic, rod shaped, Gram positive thermophile that is 
capable of producing ethanol directly from cellulose. Despite its relatively recent rise to 
popularity in the literature, it was first isolated in 1926 by Viljoen et al. in an attempt to 
identify novel organisms capable of degrading cellulose (154).  This initial characterization 
by Viljoen, while basic, provided the framework required for future investigators to work 
with and develop this unique organism, but proved unreliable due to potential 
contamination of the culture with additional organisms (154). The first robust description, 
therefore, was not available until almost 30 years later.  This characterization was the first 
to report that C. thermocellum could grow at temperatures between 50 – 68C, and 
demonstrated this growth on cellulose, cellobiose, xylose, and hemicelluloses.  It also 
detailed the major fermentation products, consisting primarily of carbon dioxide and 
hydrogen gases, formic, acetic, lactic, and succinic acids, and ethanol (155).  It is important 
to note, however, that significant discrepancies in the list of fermentable carbon sources 
have been shown to exist among alternate characterized C. thermocellum strains, so caution 
must be taken when comparing the growth conditions in the early literature (156). 
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Following these initial characterizations, there were still many setbacks in the initial 
attempts at culturing C. thermocellum and isolating pure stocks (157).  Fortuitously, these 
have largely been overcome with the development of defined mediums that allow for 
routine growth and maintenance of C. thermocellum cultures (158, 159), significantly 
improving the ease of subculturing and providing an ideal environment for defined 
selection and genetic modification.  As these media were developed, they determined a 
requirement for several essential vitamins, including biotin, pyridoxamine, B12, and p-
aminobenzoic acid (159) and demonstrated a requirement for pH maintenance between 6.2 
- 7.7.  It is now known, however, that the optimal pH for growth occurs between 6.7 - 7.0 
(160) and that the optimal growth temperature is 55C. 
Employing these defined growth techniques, C. thermocellum can be cultured using 
either batch or continuous flow approaches, with growth rates of 0.10/h and 0.16/h, 
respectively (161).  However, in the presence of cellulosic material C. thermocellum has 
been observed to form biofilms, which may more closely resemble its growth under 
environmental conditions.  Upon biofilm formation, C. thermocellum will orient itself 
parallel to the carbon fibers of its substrate, forming a single monolayer of cells that will 
gradually spread outward from the initial site of colonization.  These cells will closely 
mimic the topography of the substrate, with each cell maintaining direct contact if possible 
(162).  This orientation may be maintained in order to facilitate the extracellular hydrolysis 
of the substrate, which is then incorporated into the cell directly as soluble oligosaccharides 
and used for fermentative catabolism (163).  Throughout this process, cells are constantly 
attaching and detaching from the carbon source, with no apparent correlation to cellular 
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life cycling, and relatively similar percentages of cells involved in division or sporulation 
in either their attached (11 ± 3%) or detached (5 ± 3%) states (162). 
One of the main products of this fermentation activity, and indeed the reason that C. 
thermocellum has enjoyed increased attention in the recent past, is ethyl alcohol.  However, 
despite the production of this fermentation end product, wild type C. thermocellum can 
only tolerate ethanol up to 5 g/L before it is significantly inhibited (164).  A contributing 
factor towards this sensitivity has been determined to be the endogenous membrane 
structure.  The predominant lipids that make up C. thermocellum’s cell wall are branched 
and straight chain 16 carbon fatty acids, and 16 carbon plasmalogens that, along with the 
other components, display a total lipid content of ~82 g/mg dry cell weight, with roughly 
28% of that weight comprised of plasmogens (165).  This membrane orientation leads to a 
high degree of fluidity that is compounded by the presence of moderate levels of ethanol.  
As the fluidity increases, the membrane begins to lose its integrity and the health of the cell 
is negatively impacted.  Therefore, to tolerate increased levels of ethanol C. thermocellum 
must alter its membrane composition to decrease fluidity and compensate for the artificial 
fluidity imparted by its own fermentation products. 
2.2.1.2 Amenability to Consolidated Bioprocessing 
Despite its endogenous disadvantage of ethanol inhibition, C. thermocellum retains 
many qualities that position it well for use as a consolidated bioprocessing organism, 
including its fast rate of digestion of cellulose from plant biomass and its ability to 
hydrolyze both hemicellulose and cellulose.  In addition, it is capable of naturally 
producing ethanol, albeit at low concentrations (< 3 g/L), and one strain, DSM 1313, has 
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both a finished genome sequence and a developed genetic transformation system that 
allows for the construction of mutant strains (166-170). Although it does suffer from a 
detriment in that it can only utilize C6 sugars, it has been demonstrated to perform 
efficiently in co-culture with C6 and C5 utilizing thermophilic anaerobic bacteria, making 
it an excellent springboard for development into a CBP host. 
2.2.1.3 Structure, Function, and Fermentative Characteristics of the C. thermocellum 
cellulosome 
The distinguishing feature of C. thermocellum, and indeed its most attractive feature 
as a platform for development into a CBP host, is its cellulosome. The cellulosome is an 
extracellular multi-enzyme complex 18 nm in diameter with a molecular weight greater 
than 2 × 106 Da (171) that is central to C. thermocellum’s ability to reduce lignocellulosic 
biomass recalcitrance (Figure 5) (172). This multi-enzyme complex consists of over 20 
distinct enzymes (173), housing cellulases, hemicellulases, pectinases, chitinases, 
glycosidases, and esterases  for the breakdown of lignocellulose (174, 175).   
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Figure 5 Illustration of C. thermocellum’s cellulosome (not drawn to scale) (130) 
Characterization of the cellulosome began in the 1980s, and since that time a stream 
of discoveries have elucidated its role in cellulose binding (176, 177), its position on the 
bacterial cell wall surface (178), its structure during cellulose degradation (179), and its 
diversity of associated cellulases (180). Central to the assembly of this complex is a 
macromolecular non-catalytic scaffoldin protein known as CipA.  This CipA scaffoldin 
contains nine type I cohesin domains that bind to type I dockerin domains, which are in 
turn connected to the catalytic domains of their enzymes through a linker (181) in a calcium 
dependent fashion (182). CipA is itself anchored to the bacterial cell surface by way of a 
type II dockerin and mediated by the LpB, Orf2p, and SdbA anchoring proteins (181) and, 
in addition, also contains a carbohydrate binding module that attaches the cellulosome to 
its carbohydrate substrate (183).  
Crystallographic interrogation has suggested that these integral cohesin-dockerin 
complexes are primarily mediated by hydrophobic interactions (184), and these results 
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have been supported via subsequent molecular dynamics simulations as well (185).  As 
such, it has been presumed that the cellulosome assembles in a nonselective or mildly 
selective manner due to the inability to assign each dockerin to a single cohesin and the 
relative similarities in affinity between several dockerins and cohesins (182). However, 
evidence has recently surfaced that suggests some degree of selectivity.  Sakka et al. 
observed the binding of the CelJ dockerin only to selected cohesin modules, indicating a 
degree of specificity during cohesin-dockerin recognition that was not previously detected 
(186). Similarly, Borne et al. have studied the role of randomness during the binding of an 
alternative Clostridium cellulolyticum dockerin to a chimeric scaffoldin containing one 
C. cellulolyticum cohesin and one C. thermocellum cohesin.  In this case, binding occurred 
successively in a manner dependent on linker length, reinforcing the notion of order during 
cellulosomal assembly (187). 
Findings that support selectivity surrounding enzyme recruitment and/or synergistic 
effects present during the digestion of biomass point towards major advancements in the 
production of cellulosic ethanol via the optimization of enzyme combinations.  For 
example, opportunities for synergy between cellulases in C. thermocellum’s cellulosome 
during the degradation of crystalline cellulose increase statistically as the number of 
cohesins present on the scaffoldin increases.  In one study, the inclusion of two cohesins 
instead of one on the cellulosome increased synergism by a factor of 1.7 (188).   
To take advantage of this fact, and leverage the utility of the cellulosome itself, an 
artificial cellulosome, termed the rosettasome has been genetically engineered to 
incorporate the dockerin domains of cellulases from C. thermocellum.  Just as with the 
native cellulosome, this rosettasome has demonstrated enhanced cellulolytic activities as 
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additional cellulases have been attached (189).  Building upon these efforts, Gefen et al. 
have developed a chimeric cellulosome, BglA-CohII, that was designed to manage 
cellobiose inhibition by affixing a β-glucosidase (BGL) to one of the open binding 
domains.  This attachment of BGL lessened cellobiose inhibition in the presence of Avicel 
and pretreated switchgrass relative to the native cellulosome with or without BGL present 
(190).    
These findings have led to the development of the plasticity theory, which 
rationalizes this synergistic behavior.  This theory contends that the flexibility of a linker 
within the cellulosome directly leads to its enhanced adaptability towards utilization of 
different substrates.  Coarse-grain models have investigated this theory by monitoring 
plasticity and uncovering the preferential scaffoldin binding of dockerins from CbhA, a 
large endoglucanase, over those from the smaller CelS exoglucanase and Cel5B 
endoglucanase, even though each had the potential to bind to any cohesin.  In these models, 
the large structure of the CbhA exoglucanase appeared to influence key parameters such 
as its extended scaffoldin residence time and its prolonged diffusion rate, both of which 
improved its likelihood of binding (191). 
Regardless of the components employed, the cellulosome breaks down its 
lignocellulosic substrate into cellodextrins, which are brought into the cell via one of at 
least five identified ATP binding cassette transporter proteins (192) in order to support a 
modified form of glycolysis (190). Once within the cell, cellobiose phosphorylase or 
cellodextrin phosphorylase phosphorylates the cellobiose or cellodextrin, respectively, to 
yield glucose-1-phosphate and glucose.  These compounds are then shunted to the Embden-
Meyerhof pathway, and glycolysis takes place to yield pyruvate, GTP, and ATP.  
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Thereafter, a series of phosphorylation reactions follow, although the exact nature and flux 
of these reactions has not yet been fully elucidated (193).  Under our current understanding, 
both ATP and GTP-linked glucokinases have been identified in C. thermocellum, as well 
as phosphoenolpyruvate carboxykinase, which may be responsible for the conversion of 
phosphoenolpyruvate to oxaloacetic acid. This has led to the assumption that both of these 
compounds undergo glycolysis to produce ethanol during fermentation (193).  Pyruvate is 
similarly converted into several fermentation products depending on the enzyme that 
catalyzes the reaction, with lactate dehydrogenase forming lactate and pyruvate formate-
lyase forming formate (194). These products are then available for use just as with 
traditional processing strategies, completing the CBP process. 
The cellulosome is one of the fastest hydrolyzers of microcrystalline cellulose; 
however, there are many other hydrolytic enzymes associated with the cellulosome, 
including pectinases and hemicellulases, which are also essential for the digestion of 
biomass feedstocks. While relatively fewer studies have been undertaken to explore these 
components, when C. thermocellum’s draft genome sequence was screened for open 
reading frames related to cellulosomal components, it was discovered that only one third 
of these were related to cellulases and the rest were related to hemicellulases, pectinases, 
chitinases, glycosidases and esterases (175). Of particular interest from these groups of 
enzymes are the hemicellulases, which can degrade the hemicellulose matrix through the 
random cleavage of carbohydrates.  Zverlov et al. characterized the structure and activity 
of two hemicellulytic cellulosome components consisting of xyloglucanase Xgh74A and 
endoxylanase Xyn10D, demonstrating that when their lysis events occurred in close 
enough proximity, short oligosaccharides were formed that assisted in exposing the 
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underlying cellulose (195).  Moreover, it has been demonstrated that C. thermocellum 
JW20 (ATCC 31549) preferentially digests high degree of polymerization xylan, a 
hemicellulose common to birch wood, with degradation becoming increasingly efficient as 
the number of monomer units in xylan exceeds six.  In contrast, degradation of lower, 2 - 
5 unit, degree of polymerization xylan did not occur until 240 h later and, after 300 h, only 
xylose remained, as these monomers are not imported by the cell (196).  Taken together, 
these findings support the hypothesis that C. thermocellum’s hemicellulases target higher 
molecular weight hemicelluloses.  
Current studies evaluating the interaction of the cellulosome relative to free 
cellulases for the digestion of either crystalline cellulose or plant biomass have provided 
additional insights into their mechanisms of hydrolysis, potentially leading to 
improvements in the deconstruction step through enzyme engineering and optimization of 
biomass pretreatment conditions.  For instance, the cell free cellulosome of C. 
thermocellum can process roughly 40% of high degree of polymerization cellulose 
(presented as Whatman filter paper) in 120 h, compared with free T. reesei cellulases that 
can only achieve less than 20% conversion in the same time frame (83). However, in 
contrast, the T. reesei free enzyme system was more active on plant biomass than the cell 
free cellulosome extract. Moreover, post enzymatic hydrolysis images of the crystalline 
cellulose substrate determined that the mechanisms were vastly different between the free 
enzyme cocktail, which used a fibril sharpening method, and the cellulosome, which 
splayed open and separated the individual microfibrils (83). Most importantly, however, 
has been the demonstration of synergistic effects when these two approaches are combined. 
Ding et al. revealed that this is likely due to a difference in mechanisms between the free 
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enzyme systems and the cellulosome. Using real-time imaging to show the production of 
solubilization pits in the surface of the delignified plant biomass treated with free enzyme 
systems and the splaying of individual microfibrils in cellulosome-treated biomass, they 
concluded that biomass pretreatments which remove the highest amount of lignin and leave 
the largest amount of carbohydrates improve hydrolysis regardless of whether a free 
enzyme system or cellulosome is employed (197).  The supplementation of free enzymes 
with cellulosomes aligns well with other technologies that aim to improve enzymes used 
in biomass deconstruction (2). 
2.2.1.4 Biomass Utilization 
The high degree of biomass recalcitrance is one of the major factors limiting the 
cost-effective production of lignocellulosic ethanol. Therefore, the ability of C. 
thermocellum to efficiently digest a range of biomass structures is an important 
consideration for its practicality as a CBP host.  To investigate its fermentative abilities, 
Puls et al. compiled one of the earliest characterization studies relating to the solid residuals 
remaining after cellulosomal processing of steam pretreated, sodium chlorite delignified 
Birchwood by C. thermocellum.  It was discovered that, following treatment, the solid 
residuals contained an unchanged crystallinity content (52%) that was attributed to the 
simultaneous hydrolysis of amorphous and crystalline cellulose.  Cellulose experienced an 
increase in its weight-average degree of polymerization, while the polydispersity remained 
the same following microbial treatment, indicating the preferential consumption of low 
degree of polymerization cellulose.  These findings ran contrary to those obtained using 
free cellulases from Neocallimastix frontalis, Trichoderma koningii, and Penicillium 
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pinophilum, providing one of the first indications that the organization and ultrastructure 
of C. thermocellum’s cellulosome contained unusual properties (198).   
Since that time, many additional studies have been performed to elucidate the 
function of C. thermocellum’s cellulosome on a variety of substrates.  One of the main 
focal points of these studies has been to determine how C. thermocellum’s cellulosome 
circumvents the inhibition of activity and adsorption that cellulose crystallinity has 
imparted on many previously characterized fungal cellulases (199, 200).  In this regard, it 
has been determined that C. thermocellum approaches deconstruction atypically, in that it 
displays a remarkable propensity towards the hydrolysis of microcrystalline cellulose. For 
instance, C. thermocellum is capable of converting 100% of Avicel, which is 74% 
crystalline, in 100 hr, compared to free cellulases isolated from T. reesei, which were only 
able to consume 50% of Avicel in the same time frame (83).  While this is encouraging, it 
should be noted that, in general, Avicel demonstrates excellent conversion properties in 
comparison to pretreated biomass.  Therefore, to expand the scope of this evaluation, Shao 
et al. further identified differences in C. thermocellum’s efficiency during the consolidated 
bioprocessing of Avicel and ammonia fiber expansion pretreated (AFEX) corn stover.  
While Avicel displayed high conversion rates (> 95%) after 24 hr when treated with C. 
thermocellum, AFEX pretreated corn stover glucan experienced lower conversion rates (60 
- 70%), even after extended incubation times of 4 days.  While the reason for this 
discrepancy in efficiencies was not elucidated during this study, initial enzyme 
concentrations and restricted cell growth on AFEX pretreated corn stover were ruled out 
as possibilities (201).  
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Along with differences in biomass structure, the employment of differing 
pretreatment methods has also been shown to influence C. thermocellum’s digestion and 
fermentation efficiency.  Hӧrmeyer et al. investigated the treatment of Avicel, poplar 
(Populous tremuloides), and wheat straw (Triticum vulgare) with C. thermocellum strain 
NCIB 10682 using either unpretreated, organosolv (methanol/water), or hydrothermolysis 
pretreated biomass, and used pH to indicate the extent of cellulose metabolism via acetic 
acid production.  Under this experimental design, hydrothermally-treated poplar produced 
lower pHs (~6.0 - 7.0) than unpretreated poplar (~7.4) after 150 min of processing, 
signifying an increased efficiency in the presence of the hydrothermal substrate (202).  
Likely, this increase in efficiency can be attributed to the structural changes incurred by 
the biomass during pretreatment, which led to an increased accessibility of the sugars 
during digestion while maintaining favorable conditions for growth and enzymatic function 
(83). Alternate strategies for overcoming the recalcitrance barrier, such as altering the plant 
cell wall structure to be more easily digested by reducing lignin content or altering lignin 
composition, have also been employed (74, 76). Fu et al. and Yee et al. demonstrated the 
feasibility of this approach, showing that a transgenic switchgrass with reduced lignin 
content and syringyl/guaiacyl (S/G) ratios had improved fermentation yield and required a 
lower severity pretreatment and less enzyme loading to obtain equivalent yields to their 
control switchgrass when employing a yeast-based fermentation with exogenous 
hydrolytic enzymes in a simultaneous saccharification and fermentation (SSF) format. 
More importantly, they observed that C. thermocellum exhibited equivalent or higher 
fermentation yields than the yeast-based SSF approach, which lead to the hypothesis that 
the cellulosome is more reactive in a CBP format than a cell-free extract configuration (75, 
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203). In an alternate approach, Bothun et al. subjected C. thermocellum to elevated 
hydrostatic pressures (7.0 and 17.3 MPa) in a high-pressure bioreactor, resulting in a ~100-
fold rise in the ethanol:acetate ratio compared to batch cultures at atmospheric pressure.  
These results were attributed to the enhanced solubility of gaseous fermentation products 
under their reaction conditions (204), further demonstrating the importance of pretreatment 
conditions on hydrolysis and fermentation efficiency. 
2.2.1.5 Genomic, Transcriptomic, Proteomic, and Metabolic Responses to Ethanol 
production 
Due to its high amenability towards use as a CBP microorganism, C. thermocellum 
has attracted significant interest in its genomic, transcriptomic, proteomic, and 
metabolomic profiles and their respective dynamics throughout the CBP process.  These 
evaluations have been performed across a variety of different strains and, taken together, 
provide crucial insight into how it can perform the complex reactions necessary to break 
down and utilize cellulosic material. 
At its most basic level, the genome of the type strain, C. thermocellum ATCC 27405, 
consists of 3.8 Mb of DNA arranged as a single chromosome.  The average 
guanine/cytosine (GC) content of the genome is a moderate 38.9%, and 3,173 candidate 
protein encoding genes have been identified via automated analysis (205).  In addition to 
the type strain, sequences for several additional strains have also been elucidated and 
yielded similar characteristics (166, 206, 207).  Genomic analysis following adaptation to 
increased ethanol tolerance has indicated several conserved genetic alterations, including 
changes to glucokinases, aminotransferases, transcriptional regulators, aldehyde/alcohol 
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dehydrogenases, and aspartate carbamoyltransferases.  In addition, non-conserved changes 
have been identified in a variety of membrane proteins as well.  Taken together, these 
genetic changes significantly improved C. thermocellum’s ethanol tolerance from ~15 g/L 
to 50 g/L and improved its utility as a CBP host (208). 
While relatively few genetic changes were discovered related to enhanced ethanol 
tolerance, significantly more transcriptomic alterations have been observed that can 
provide insight into how C. thermocellum responds to changes in substrate availability and 
ethanol production.  Transcriptomic analysis revealed a set of 348 genes that displayed 
significant variation in their expression levels in response to utilization of either cellulose 
or cellobiose as a carbon source, or concurrent with changes in growth rate resulting from 
nutrient availability and population density.  Of these 348 genes, 78 demonstrated a 
significant decrease in expression when cellobiose was provided as a carbon source and 95 
were up regulated.  Of note is that the majority of these genes contained signal peptides, or 
were transcriptional regulators, indicating that they are likely involved in the extracellular 
recruitment and uptake of metabolites, demonstrating C. thermocellum’s ability to sense 
and respond to external cues regarding nutrient availability (209).  Similarly, switching 
from cellobiose to cellulose fermentation elicited changes in the expression of roughly 40% 
of all genes, with expression profiles generally indicating increased transcription levels for 
those genes related to energy production, translation, glycolysis, and amino acid, 
nucleotide, and coenzyme metabolism.  Expression of these genes under cellulose 
utilization was shown to be growth stage dependent, with transcription decreasing as the 
available cellulose is consumed and transcription of genes encoding for cellular structure 
and motility, chemotaxis, signal transduction, transcription, and cellulosomal proteins 
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becoming increased, presumably due to an increased necessity to discover alternative 
carbon sources in accordance with the classic feast-or-famine survival strategy (210).  
When pretreated biomass was supplied in place of cellulose or cellobiose, an even larger 
number of genes displayed differential regulation.  Using pretreated yellow poplar as a 
model carbon source, 1,211 genes were up regulated, and 314 were down regulated 
compared to growth on cellobiose.  Of particular note is that 47 of the 81 recognized 
cellulosome genes (58%) were up regulated upon yellow poplar-mediated biomass growth, 
compared with only 4 that showed lower expression levels relative to cellobiose 
fermentation. In addition to these cellulosome genes, significant up regulation was also 
observed for genes involved in inorganic ion transport and metabolism, signal transduction, 
and amino acid transport (211).  Similar regulation profiles were found, albeit with up 
regulation of phosphate transport and Resistance-Nodulation-Division (RND) transporters, 
when pretreated switchgrass was substituted for poplar (212).  Together, these results 
demonstrate the significant differences that can be imparted when C. thermocellum 
transitions between prepared sugars and raw biomass as carbon sources. 
In general, the results obtained from these transcriptomic studies are supported by 
similar proteomic studies that have directly interrogated protein levels under similar growth 
conditions.  Expression of the core metabolic proteins, as predicted, reveals that they are 
primarily growth-phase dependent to position C. thermocellum for the most efficient use 
of the nutrients on hand under growth and stationary phases, leading to much more 
consistent expression levels relative to specialized proteins such as those found in the 
cellulosome.  Approximately a quarter of the 144 core metabolic proteins demonstrate only 
a moderate change in expression as the cells transition from exponential to stationary 
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phase, with several notable exceptions including decreases in the presence of pyruvate 
synthesis machinery and increases in the prevalence of glycogen metabolism, pyruvate 
catabolism, and end product synthesis pathway proteins (213).  Much more expression 
variability has been detected, and indeed much more research has been focused, on the 
proteins comprising the cellulosome.  Unlike the relatively consistent expression of core 
metabolic proteins, cellulosome proteins demonstrate expression variability in response to 
changes in carbon source availability.  When presented with cellobiose, hemicellulases are 
the most abundant cellulosome components, with XynA, XynC, XynZ and XghA up 
regulated alongside of the endoglucanase CelA and GH5 endoglucanases CelB, CelE, and 
CelG.  Conversely, when presented with cellulose as a carbon source, the GH9 cellulases 
represented the most abundant group, along with the cell surface anchor protein OlpB and 
the exoglucanases CelS and CelK (214).  These same trends continue to manifest when 
pretreated switchgrass is used as a feedstock, with the exoglucanase CelK and the GH9 
cellulases further increasing in abundance relative to cellulose fermentation.  Notably, 
under switchgrass utilization the xylanases decrease in prevalence, possibly due to removal 
of the majority of hemicellulose and reduction of xylan content in the switchgrass 
following dilute acid pretreatment (215).  Importantly, it has also been noted that 
expression of many of the cellulosome proteins is decreased following adaption to 
increased ethanol tolerance.  Indeed, while ethanol tolerant strains can still degrade 
cellulose, both the rate and extent of this degradation is impaired due to this down regulated 
expression (216). 
Compared to the genetic, transcriptomic, and proteomic studies that have been 
performed, there have been relatively few investigations regarding C. thermocellum’s 
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metabolomics under laboratory or natural growth conditions.  It is known, however, that, 
relative to cellobiose, growth on cellulose results in diversion of carbon flow into a 
transhydrogenase-malate pathway, resulting in increases to available NADPH and GTP 
supplies.  Assimilation of ammonia is also up regulated under these growth conditions, 
resulting from an increase in the production of glutamate dehydrogenase as C. 
thermocellum repositions itself to produce the biosynthetic intermediates necessary to 
respond to cellulose utilization (217).  Additional evidence suggests that the end products 
of this fermentative process can similarly alter metabolic activity as well. As ethanol and 
lactate collect, H2 and acetate yields coordinately increase, while ethanol yields themselves 
are shown to increase upon accumulation of H2, acetate, and lactate (194). In an effort to 
improve our knowledge regarding C. thermocellum metabolism, and to aid in the 
development of engineered strains, a flux balance model of C. thermocellum metabolism 
has recently been developed (218) that will hopefully aid in developing this nascent field. 
 Efforts to Enhance Ethanol Production from C. thermocellum 
2.2.2.1 Development of engineered strains 
In nature, C. thermocellum’s main ecological function is to degrade cellulose, and 
in this regard, it is one of the fastest microcrystalline cellulose utilizers.  This characteristic 
has led to a series of studies that have robustly characterized its function in regards to the 
digestion of plant biomass (75, 161, 201, 203, 212, 215, 219), however, until recently there 
has been a deficit in our understanding of C. thermocellum’s genetic and proteomic 
functions that have hindered its development as an ideal CBP host. The recent attainment 
of a finished, annotated genome sequence and an enhanced understanding of its gene and 
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protein expression, in combination with metabolic pathway models, has filled this gap and 
become essential for the development of targeted genetic engineering strategies and 
optimization of fermentation conditions that are needed to move forward in strain 
development. In a wider sense, these aspects have also been crucial for improving the 
feasibility of consolidated bioprocessing as a platform for production of biofuels as well 
(152, 194, 208, 210, 212, 213, 215, 218, 220-225).  
To this end, several engineered strains have been developed using adapted or 
directed evolution to improve ethanol or inhibitor tolerance, as these traits have been 
deemed the most important for industrial applications (Table 10). Linville et al. reported 
the development of a mutant strain through direct evolution of C. thermocellum ATCC 
27405 that displayed an enhanced growth rate and tolerance up to 17.5% vol/vol dilute acid 
pretreated poplar hydrolysate (226). Resequencing of the wild type and mutant strains 
indicated that multiple mutations were responsible for this phenotype, including genes 
related to cell repair and energy metabolism. Similarly, a wild type C. thermocellum culture 
was adapted through sequential passaging to tolerate 8% wt/vol (80 g/L) ethanol and 
several analysis were performed to determine the basis of this increased tolerance in the 
mutant strain, which was designated strain C. thermocellum EA. Proteomic analysis of this 
strain by Williams et al. showed changes in membrane-associated proteins, leading them 
to hypothesize that the increased tolerance was the result of lower quantities and/or lower 
incorporation rates of proteins into the membrane, preventing increased fluidity upon 
ethanol exposure (216). Further analysis by Timmons et al. corroborated this hypothesis 
by observing changes in the fatty acid membrane composition that endowed the mutant 
strain with increased membrane rigidity, reducing the fluidizing effect of ethanol (165). 
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Recently, Brown et al. resequenced the genome of the mutant strain and, in comparison to 
the wild type, identified the genetic basis of this tolerance as a mutation in the bifunctional 
adhE gene.  This was then confirmed by recreating the mutation in the more genetically 








Table 10 – Natural and engineered C. thermocellum stains used for consolidated 
bioprocessing.] 
































0.3 % wt/vol Milled 
Filter Paper 
EM 60 7.0 0.80 0.54 ND ND ND ND ND Low 








1.09 1.49 2.43 ND ND ND ND Low 
Tachaapaikoon 
et al., 2012 
15N Cellulose (5 g/L) 
MTC 58 6.8 
1.34 1.17 
ND ND ND ND 
0.50 
Low 
Raman et al., 
2009 
14N Cellulose (5 g/L) 1.27 1.16 0.49 
Cellobiose (5 g/L) 1.02 1.43 0.49 
Z-Trim® (5 g/L) 0.54 0.81 0.45 
Cellulose-Xylan (5 
g/L) 
0.62 0.71 0.44 
Cellulose-Pectin (5 
g/L) 
0.49 0.69 0.39 
Celluose-Pectin-
Xylan (5 g/L) 
0.54 0.60 0.38 
Pretreated 
Switchgrass (5 g/L) 
0.32 0.60 0.37 
Pretreated 
Switchgrass (5 g/L) 
MTC 58 6.8 
0.20 0.50 
ND ND ND ND ND 
Low 
Wilson et al., 
2013a Pretreated Populus       
(5 g/L) 
0.30 0.80 Low 
Avicel (5 g/L) MTC 58 7.0 0.83 0.83 ND ND ND ND ND Low 




Cellulose CM3 60 7.8 0.96 0.75 0.38 1.20 0.04 0.88 ND Low 
Weimer and 
Zeikus et al., 
1977 
Avicel (19.5 g/L) MTC 55 7.0 1.32 2.74 2.49 ND ND 0.72 ND Low 
Argyros et al., 
2011 
Cellobiose (5 g/L) Rich 
media 
55 7.0 
0.68 1.10 0.25 
ND ND ND ND Low 
Tripathi et al., 
2010 Avicel (5 g/L) 0.70 1.10 0.05 
CS7 
0.3 % wt/vol Milled 
Filter Paper 
EM 60 7.0 
0.79 0.32 ND ND ND ND ND Low 
Lv and Yu et al., 
2013 
CS8 
0.3 % wt/vol Milled 
Filter Paper 
0.83 0.43 ND ND ND ND ND Low 









1.90  3.72  0.74 ND ND ND ND Low 
Tachaapaikoon 
et al., 2012 
YS 
Cellulose 




ND ND Low 
Lamed et al., 




GS 60 7.0 
0.71 0.96 0.31 1.33 0.05 
≥ 0.80 ND Low Ng et al., 1981 0.4% wt/vol Glucose 0.75 0.89 0.22 1.21 0.04 
0.4% wt/vol 
Cellobiose 
0.72 0.74 0.21 1.52 0.06 
Cellulose 




ND ND Low 
Lamed et al., 










0.61 1.21 0.43 2.38 0.14 0.87  ND Low 





ND 67 ND ND ND ND ND ND ND ND Low 




Avicel (19.5 g/L) 
MTC 
55 7.0 5.61 0.16 0.11 ND ND 0.61 ND Low 
Argyros et al., 
2011 
NR: Not reported in the original publication. 
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Isolation of additional C. thermocellum strains is also ongoing, with the novel CS7, 
CS8, and S14 strains being isolated from compost and bagasse paper sludge, respectively 
(228, 229). Interestingly, when the CS7 and CS8 strains were characterized for growth on 
crystalline cellulose and cellobiose, in contrast to many C. thermocellum strains, neither 
exhibited any xylanase activity. However, both of these strains demonstrated increased 
ethanol:acetate ratios and enhanced cellulase activity in comparison to the wild type strain. 
Strain S14 also proved to be notable, as its cellulosomal glycoside hydrolases provided 
increased crystalline cellulose degradation rates relative to both the wild type and to strain 
JW20. In addition, strain S14 was found to tolerate both a higher temperature (70°C) and 
pH (9.0) than the wild type while consuming a broader range of substrates including 
sorbitol. However, as of yet, CS7, CS8, and S14 do not have draft genome sequences, 
which will be crucial for the development of genetic or metabolic engineering approaches 
in these strains. 
Draft or finished genome sequences are, however, currently available for six C. 
thermocellum strains including the wild type (ATCC 27405), YS, LQRI, JW20, BC1, and 
DSM 1313 (166, 206, 207, 212). C. thermocellum YS was isolated from hot springs at 
Yellow Stone national park and has been characterized as a highly efficient cellulose 
utilizer. Notably, it is this strain, in tandem with the adherence-defective mutant C. 
thermocellum AD2 strain, that was used in the studies that reported the initial description 
of the adherence of C. thermocellum to insoluble cellulose substrate and paved the way for 
the discovery of the cellulosome (176, 177). Strain YS has since been leveraged for 
multiple studies reporting on the digestion of lignocellulosic feedstocks, cell surface 
interactions, the structure and function of the cellulosome, and transcriptomic evaluations 
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in response to plant biomass hydrolysis (178, 230-234). C. thermocellum JW20 was 
isolated from a cotton bale in Louisiana and LQRI was isolated from a contaminated 
culture of strain DSM 1313, which at the time was referred to as LQ8 (207, 235, 236). The 
growth and physiological properties for each of these strains have since been characterized 
(235, 237), with strain JW20 demonstrating the ability to utilize a spectrum of growth 
substrates ranging from crystalline cellulose to lignocellulosic feedstocks, including 
pretreated hardwood, straw, and hay (160). Most recently, C. thermocellum BC1 was 
isolated from a compost treatment site in Germany, and a draft genome sequence has been 
established (238). This strain has exhibited improved cellulose hydrolysis and utilization 
of a wider range of substrates, including glucose and sorbitol, at a higher temperature 
(67°C) than the wild type strain. The diversity of unique characteristics demonstrated by 
these strains, and the important contributions they have made towards improving C. 
thermocellum’s position as a relevant CBP host, highlight the importance of continuing to 
isolate, characterize, and compare new strains that may have advantageous characteristics 
for CBP applications.  
C. thermocellum DSM 1313, previously known as C. thermocellum LQ8, represents 
arguably the most important of the strains discovered to date.  First isolated in 1926 by 
Viljoen et al. from manure or soil (154), it has been widely studied for its cellulolytic and 
physiological properties, and has been characterized on cellobiose, microcrystalline 
cellulose, and lignocellulosic feedstocks (239, 240). However, DSM 1313’s high utility 
comes from the establishment of its draft genome sequence in 2011 and the subsequent 
development of a genetic system for its transformation that has allowed for the construction 
of mutant strains (166-170). This ability has allowed investigators to target specific genetic 
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changes within the DSM 1313 background, leading to an unparalleled ability to interrogate 
the genetic basis for observed phenotypes and to develop strains endowed with specific, 
engineered functions.   
In one such study, comparisons were drawn to previous investigations focusing on 
the use of proteomic analysis and global gene expression data to enhance understanding of 
C. thermocellum’s highly efficient cellulosomal hydrolysis of cellulose and hemicellulose.  
These initial investigations demonstrated that the catalytic sub-units of the cellulosome 
were assembled based on their substrate and growth rate (212, 215), allowing researchers 
to create mutant strains of DSM 1313 with knockouts of the cel48S gene, that encode an 
abundant and up regulated cellulase during growth on microcrystalline cellulose, in order 
to investigate its role in hydrolysis (141). Using this targeted approach, they determined 
that the deletion of cel48S reduced growth rate and specific activity by 2-fold, however, 
also discovered that it was still able to completely solubilize a 10 g/L loading of Avicel. 
Without the ability to establish this targeted mutation, it would be difficult, if not 
impossible, to hypothesize this retention of biomass utilization efficiently in light of such 
a deleterious mutation. Furthermore, these studies are also important in advancing the 
creation of designer multi-enzyme complexes for industrial applications (141, 214, 215, 
241), as was highlighted by the recent improvement in hydrolysis performance achieved 
by Gefen et al. through targeted cellulosome engineering, resulting in a three-fold increase 
in microcrystalline cellulose hydrolysis and a two-fold improvement for switchgrass 
hydrolysis (190).  
Mutational strain development has also been leveraged to increase ethanol titer and 
tolerance towards the minimum value of 40 g/L that is required for the economic viability 
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of cellulosic ethanol production (142, 143).  While wild type C. thermocellum strains only 
produce < 3 g/L and are tolerant to < 16 g/L of ethanol (145, 242), mutant strains 
constructed through adapted evolution have shown ethanol tolerance up to 80 g/L, albeit 
with inconsistent and slow growth, and up to 50 g/L with stable growth (216, 227). To 
achieve these results, mutant strains of DSM 1313 were constructed with disrupted end 
product fermentation pathways that altered their natural carbon flow and, conversely, 
increased their ethanol yield (167, 243-245). These strains were established through 
mutations in their acetate and lactate pathways (Δhpt Δldh Δpta), however, once 
subsequently evolved, they produced contrasting results in their effect on ethanol yield.  In 
one case, no increase in ethanol yield was observed following mutation (245), while in a 
separate report a 4-fold increase was detected (243). However, in both cases it was 
hypothesized that the mutations led to a redox imbalance because of the secretion of 
pyruvate and amino acids into the fermentation broth, low product yields, unsubstantial 
increases in ethanol, and resulting open carbon balances. In an attempt to reconcile these 
reports, Mohr et al. used a thermotargetron approach to disrupt the acetate and lactate 
pathways in place of the homologous recombination approach used by Arygros and van 
der Veen, resulting in a decrease to lactate and acetate production, a slight increase in 
ethanol production and a 6-fold increase in pyruvate production (167).  
Building upon these studies, Deng et al. noted that pyruvate kinase had not been 
annotated in the DSM 1313 genome sequence and did not register during enzymatic assays.  
This led them to the hypothesis that a malate shunt was being used to convert phosphoenol 
pyruvate to pyruvate (244). Leveraging the genetic tractability of DSM 1313, they 
improved ethanol yield by expressing an exogenous pyruvate kinase and deleting the malic 
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enzyme gene in the lactate and acetate pathway deficient strain. As a result, their novel 
mutant strain achieved an approximately 3-fold higher ethanol yield, increased carbon 
recovery, increased formate production, increased ethanol tolerance, and decreased amino 
acid secretion relative to the parent strain. The sheer number of mutations and genetic 
knowledge required to achieve this goal perfectly demonstrates the necessity of obtaining 
a fundamental understanding of gene expression, regulation, redox state, carbon 
catabolism, and metabolic modeling, and the prerequisite of establishing a functional 
genetic manipulation system that must be obtained prior to the development of mutant 
strains for use in CBP settings (145, 218). 
2.2.2.2 Co-culture of C. thermocellum with other microorganisms 
In addition, to the development and isolation of additional C. thermocellum strains, 
it is worth noting that there are naturally highly efficient cellulolytic consortia and mixed 
cultures of C. thermocellum that can be employed as well. However, significant difficulties 
exist in engineering these populations towards the production of their desired fermentation 
products at high yields for industrial applications. Nonetheless, these populations still pose 
a high value in that they can be mined for novel cellulolytic microorganisms (223, 246-
250). While consortia and mixed-cultures will not be covered in depth in this review, 
defined co-cultures containing C. thermocellum have previously been studied for the 
digestion of lignocellulosic biomass (223, 235, 251-255) and have recently been reviewed 
elsewhere (145). In general, these co-cultures are utilized due to C. thermocellum’s unique 
ability to hydrolyze hemicellulose and cellulose utilizing only the cellodextrin breakdown 
products and forgoing the consumption of C5 sugars (163, 256), making it amenable to co-
culture with pentose utilizing thermophiles. Notably, the highest ethanol titer yet reported 
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for the fermentation of microcrystalline cellulose has been obtained under these conditions, 
with the co-culture of a metabolically engineered C. thermocellum and 
Thermoanaerobacterium saccharolyticum. This fermentation achieved approximately 
80% of theoretical ethanol yield at 38 g/L, and was able to keep organic acid concentrations 
below their detection limits (243), demonstrating the utility of this type of approach. 
 Tools for Genetic Manipulation 
The evolution and selection of naturally occurring C. thermocellum strains has 
provided an initial springboard for development of more industrially relevant organisms, 
however, the full realization of this effort requires targeted development and optimization 
of specific characteristics that will enable C. thermocellum to function synergistically 
towards the production of fuels and chemicals from cellulosic biomass.  While 
development of the tools required for the genetic manipulation of C. thermocellum is still 
in its infancy, significant strides have already been made to enable the introduction of 
exogenous DNA (257) and selection of successfully modified strains (258).  The utilization 
and expansion of these efforts will be key to achieving C. thermocellum’s full potential as 
a CBP host (259). 
2.2.3.1 Methods for introducing foreign DNA 
The primary method for introducing DNA into C. thermocellum has been through 
electroporation.  This method, which transiently applies an electrical field to generate 
openings on the cell surface for the introduction of DNA, has been successfully 
demonstrated for several available strains (ATCC 27405, DSM 1313, and DSM 4150) and 
has been optimized specifically for strain DSM 1313 (170).  Particularly of note for the 
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application of this technique to C. thermocellum transformation is the relationship between 
current oscillation and transfection efficiency.  Tyurin et al. have demonstrated a one-to-
one correspondence between the presence of 24 MHz oscillations and successful 
transformations, noting that the proper oscillations can be achieved by using a > 12 kV/cm 
field strength during transformation.  This field strength was itself noted to contribute 
significantly to transformation optimization as well, with increasing field strengths up to 
25 kV/cm producing higher efficiencies (260).  Using this technique, it has been possible 
both to present exogenous genes for expression and to introduce genetic modification 
systems capable of altering the native C. thermocellum genome and knocking out 
endogenous loci (168). 
2.2.3.2 Genetic Delivery systems 
Three basic strategies exist for the genetic modification of C. thermocellum.  The 
first of these simply places additional genetic material into the organism for expression, 
ideally adding functionality or complimenting a deficiency in order to better prepare the 
organism for its intended task.  Under this strategy, plasmid DNA is introduced using the 
electroporation approach discussed above.  Depending upon the design of the introduced 
vector, the gene of interest is then either expressed directly from the plasmid or 
incorporated into the host genome and replicated along with the endogenous DNA during 
routine cell maintenance.  For plasmid-based expression, in addition to the gene of interest, 
the plasmid must also contain an origin of replication and a selectable marker. There are 
several selection markers available (discussed below) but, in general, the thermophilic 
RepB origin of replication is the most prevalent for use in C. thermocellum.  This origin, 
which works via rolling circle replication, has also been synthetically modified to generate 
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a temperature sensitive variant that cannot function above 55C.  This provides an 
additional layer of flexibility that can be utilized for controllable expression of the novel 
DNA sequence being added (261).  It is also possible to integrate the target DNA sequence 
directly into the genome through the incorporation of homologous loci up- and downstream 
of the gene of interest.  Under this design, once the construct is successfully introduced the 
homologous regions can permit recombination for the gene of interest into the C. 
thermocellum genome.  This forgoes the need to maintain an additional plasmid within the 
host, but requires the remaining plasmid DNA to be cured following genetic introduction.  
Either of these two approaches is equally acceptable, and their utilization is usually made 
on a case-by-case basis following careful assessment of the experimental design. 
The second system performs the opposite function by permitting the removal of 
endogenous genes from the C. thermocellum genome.  This plasmid-based strategy can be 
performed either by replacing the targeted deletion gene with a selectable marker, or by a 
multi-step process that allows for gene removal followed by marker removal.  While the 
former is a much quicker process, the latter allows for the recycling of selectable markers 
and therefore permits additional downstream modifications to occur (Figure 6).  For 
retention of the selective maker, 5 and 3 flanking regions that match 500 – 100 bp of the 
5 and 3 flanking regions of the deletion target are designed and placed up- and 
downstream of the marker.  The 5 flanking region/selective maker/3 flanking region 
cassette is then introduced into the cell where the selective maker is homologously 
recombined in place of the target gene (168).  For marker free gene removal, the 5 and 3 
flanking regions are both placed upstream of the cat and hpt selection makers (described 
in detail below) and a third region, which is referred to as the “int region” and is 
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homologous to a 500 – 1000 bp region of the gene of interest, is placed downstream of the 
selection markers.  In this multi-step process, an initial selection is performed to isolate 
strains that have achieved homologous recombination at the 5 flanking and int regions, 
which successfully replaces a portion of the gene of interest with the remaining 3 flanking 
region and cat and hpt selection markers.  A second selection is then made to remove these 
markers (and the remaining portion of the gene of interest) and isolate the subset of strains 
that have performed a second homologous recombination event between the two 3 flaking 
regions that are now present on the chromosome.  This second recombination will 
successfully remove all exogenous material, leaving only the 5 and 3 flanking regions on 
the chromosome, with no genetic material between them (243).  Because this method 
allows the selective makers to be reused, it is often utilized over the alternative method, 
despite its additional investment in time and resources. 
 
Figure 6 Targeted gene deletions that (A) retain their selection markers can be performed 
quickly using only a single homologous recombination step, while strategies that (B) 
remove the marker and allow it to be reused for subsequent genetic manipulations require 
multiple rounds of homologous recombination and selection. (262) 
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The third, and newest of the approaches, leverages the function of a mobile group II 
intron, often referred to as a “targetron,” from Thermosynechococcus elongatus to knock 
out expression of an endogenous gene via the insertion of a non-coding intron into the 
native sequence.  The advantage of this strategy is that the intron can be engineered by the 
researcher to insert at any desired location within the genome by including short, 
homologous sequences flanking the intron that will be used to direct it to its intended 
location within the genome.  In addition to these regions of homology, an intron encoded 
reverse transcriptase protein is required that aids in locally melting the target region of the 
chromosome and facilitating the insertion of the intron sequence.  Fortuitously, because of 
the thermophilic temperatures present during the culture of C. thermocellum, the function 
of this secondary protein product is minimized and the homology of the targeting regions 
becomes the most important factor regulating insertion efficiency.  The plasmid containing 
these required sequences is incorporated into the organism using standard electroporation 
techniques, but then does not require any additional cofactors in order to function.  When 
deployed in C. thermocellum, this approach was able to knock out six chromosomal genes 
with efficiencies ranging from 67 – 100%, resulting in the development of a lactate 
dehydrogenase deficient strain with increased ethanol production (167).  The development 
of this system to function in thermophilic bacteria, and C. thermocellum in particular, is a 
promising development that will hopefully significantly improve the ease with which 
mutant strains can be developed. 
2.2.3.3 Selection of Modified Strains 
A key component of any genetic modification strategy is the ability to select for the 
resulting altered strain at the conclusion of the procedure.  Although not nearly as many 
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markers are available as are for mesophilic bacteria such as E. coli, a host of selection 
markers are available and have been validated in C. thermocellum.  For negative selection, 
expression of the Thymidine kinase (tdk) or Hygromycin phospotransferase (hpt) markers 
may be used to provide resistance against 5-fluorodeoxyuridine and hygromycin, 
respectively.  Of these, tkd is often preferred since C. thermocellum has an endogenous hpt 
homolog, and thus requires an hpt deficient genetic background for proper function(168).  
The chloramphenicol acetyltransferase (cat) and aminoglycoside phosphotransferase (neo) 
markers can be similarly employed for positive selection, however, the former is preferred 
as the latter has been demonstrated to inhibit growth at the expression levels required for 
selection (141).  An additional maker, orotidine 5-phosphate decarboxylase (pyrF) can also 
act as either a positive or negative selection maker.  On the one hand, expressing the pyrF 
gene in a pyrF deficient host makes it possible to compliment a uracil auxotroph and select 
only for strains actively expressing the maker.  On the other hand, treatment of pyrF-
expressing strains with 5-fluoroorotic acid will lead to cellular death as those harboring the 
gene will incorporate it as a toxic uracil analog(169).  Used together, these markers allow 
researchers to select and modify strains in efforts to further engineer C. thermocellum for 
the optimized production of high value products. 
 Future Directions 
Although ethanol has been the focus of this review, C. thermocellum produces 
several additional fermentation products that may have value in a variety of industries.  The 
production optimization of these pathways can serve to position C. thermocellum as a key 
industrial organism on par with existing models such as S. cerevisiae.  One potential route 
for initial optimization is the production of hydrogen, which can serve as a potential energy 
 53 
source for combustion engines or fuel cells when produced in sufficient quantities.  Five 
strains of C. thermocellum (1237, 1313, 2360, 4150, and 7072) have already been evaluated 
to assess their efficiencies in hydrogen production after using microcrystalline cellulose as 
a feedstock. Under these conditions, yields ranged between 0.7 - 1.2 mol of hydrogen per 
mol of glucose (263). Acknowledging this potential for hydrogen generation, additional 
recent studies have investigated the steps involved in C. thermocellum’s hydrogen 
synthesis pathways (264) and evaluated inclusion of an electrohydrogenesis stage (265) to 
boost hydrogen production. 
In addition to hydrogen, lignocellulosic biomass remains an attractive starting 
material for the production of lactic acid, formic acid, and acetic acid using C. 
thermocellum’s natural fermentation pathways.  By mimicking the action of existing lactic 
acid bacteria or the fungus Rhizopus oryzae, which have previously been demonstrated to 
produce lactate using corn starch biomass (266), it would be possible to assemble the basic 
units for a variety of high value bio-based polymers.  Similarly, while methanol 
carbonylation is currently used to synthesize the majority of acetic acid (267), this process 
could also be offloaded to C. thermocellum under the appropriate CBP conditions.  
Regardless, the success of these processes will rely heavily on several factors, such as the 
existing limitation regarding lactic acid (263) and formic acid (268) yields, which are 
currently inversely related to hydrogen production. 
Similarly, the production of butanol from lignocellulosic biomass using a CBP 
platform is another attractive option because butanol, which is more similar to gasoline 
than ethanol, has a higher energy density, and can be mixed with gasoline at higher ratios. 
Unfortunately, all Clostridium spp that naturally produce butanol are non-cellulolytic, and 
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only two, Clostridium acetobutylicum and Clostridium beijerinckii, have been studied in 
detail (269). Moving towards this goal of butanol production, there have been a series of 
studies utilizing co-cultures of C. thermocellum, and it has recently been reported that a 
co-culture of C. thermocellum and Clostridium saccharoperbutylacetonicum N1-4 can 
produce up to 7.9 g/L butanol in 9 days using microcrystalline cellulose as a carbon source 
(270). Moreover, the recent development of a transformation system for C. thermocellum 
has led to research efforts aimed at engineering C. thermocellum with new pathways to 
produce butanol as well (271). Through these, and other related pathway studies, it may 
one day be possible to shift all of C. thermocellum’s natural array of products towards 
industrial scale production.  
2.3 The Cellulosome 
 The cellulosome introduces a distinguishing level of synergism between enzymes 
in C. thermocellum as compared to other CBP microorganisms; however, the enzymes used 
are nonetheless similar to those that have presented difficulties in the conversion of 
biomass to ethanol but are fashioned in an unusual manner.  Although CBP is a promising, 
alternative route to ethanol production, the same features that have been linked to 
recalcitrance in the former technologies will remain problematic.  To confirm the role of 
recalcitrance in limiting CBP, structural differences between the solid residuals that remain 
following CBP and the original structural features of biomass will be evaluated.   
2.4 Plant Cell Wall Architecture and Its Influence on CBP 
Cellulose, hemicellulose, and lignin are among several components of biomass that 
contribute to the many layers of complexity during biomass deconstruction.  Each polymer 
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possesses its own set of attributes that may hinder the progression of enzymatic hydrolysis, 
depending on how the traits are organized.  These attributes are often confounded and 
present difficulties in pinpointing, and therefore addressing a single cause of recalcitrance.  
Nonetheless, analyzing these features offers useful guidance in the development of feasible 
strategies to overcome recalcitrance.   
 Cellulose and CBP 
Cellulose contains three possible contributors to recalcitrance: its degree of 
polymerization (DP), crystallinity, and accessibility.  Cellulose DP indicates cellulose 
chain length and may influence enzymatic actions.  During enzymatic hydrolysis with 
fungal cellulases, endoglucanases randomly hydrolyze cellulose and are largely 
responsible for the drop in DP (272).  The newly created reducing ends are starting points 
for hydrolysis with exoglucanases, which typically cleave cellulose to a DP of six or seven 
(273). β-glucosidases carry out the last stage of hydrolysis to form glucose from the 
insoluble exoglucanase hydrolysis products.   
Generally, shorter chain cellulose is hypothesized to be less recalcitrant than longer 
chain cellulose for fungal enzyme cocktails as longer cellulose chains contain more 
hydrogen bonds and fewer reducing ends. Yet, studies report varied relationships (273, 
274).  The relationship between recalcitrance and cellulose DP during CBP with C. 
thermocellum remains even more obscure as only two known studies suggest the utilization 
of short chain cellulose before longer chain cellulose (198, 275).   
Amorphous and crystalline regions in cellulose microfibrils arise from the number 
of hydrogen bonds between individual cellulose molecules (Figure 7).  Fewer intrachain 
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hydrogen bonds result in amorphous regions of cellulose, while larger numbers of 
intrachain hydrogen bonds result in crystalline areas.  Accordingly, amorphous cellulose is 
more hydrophilic than crystalline cellulose as there are more hydroxyl groups available to 
participate in hydrogen bonding.  Lower cellulose crystallinities are generally viewed as 
favorable and may be related to better cellulase adsorption abilities, enhanced moisture 
uptake, increased surface areas, and better accessibilities to facilitate hydrolysis (276).  A 
number of reports argue that cellulose crystallinity is strongly associated with recalcitrance 
(200, 277, 278).  Sathitsuksano et al. altered the crystallinity of switchgrass with a solvent-
based pretreatment and achieved an 89% increase in digestibility (277).  In a separate study, 
an ionic liquid pretreatment decreased cellulose crystallinity from 26.2% to 2.6%, resulting 
in 96% cellulose solubilization in 24 hrs (279).  Nonetheless, a few studies regard cellulose 
crystallinity as negligible (274).  
 
Figure 7  Illustration of the crystalline (ordered) and amorphous (disordered) regions of 
cellulose 
During CBP, it is widely accepted that C. thermocellum rapidly converts 
microcrystalline cellulose (Avicel) (83, 201); however, no known research has identified 
the driving force for this occurrence as Avicel has a low DP (~250) in conjunction with 
high crystallinity (~65%) [data not shown].  Nonetheless, cellulose crystallinities that are 
close to 100% negatively influence C. thermocellum.  Cellulosomes isolated from C. 
thermocellum degraded bacterial cellulose ribbons, which were 75% crystalline, in 24 hrs.  
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Conversely, Valonia cellulose, which is almost 100% crystalline, required 16 days to attain 
95% solubilization (280). 
 Lastly, cellulose accessibility describes the cellulose surface area that is available 
for enzymatic hydrolysis and may play a large role during enzymatic hydrolysis.  For 
example, fully hornified cellulose experienced 94% reduction in enzymatic hydrolysis 
compared to its never dried counterpart (281).  Pretreatments often alter cellulose 
accessibilities by removing or restructuring hemicellulose and/or lignin and changing the 
cellulose structure (i.e. crystallinity, DP, etc.).  Accordingly, accessibility studies are 
commonly conducted with pretreated substrates (282-284).  The accessible surface area is 
predominantly rooted in the cellulose fiber dimensions and porosity.  Porosity, in 
particular, promotes or restricts synergy between enzymes; however, C. thermocellum 
carries out deconstruction at the surface of biomass (285), which may negate the relevancy 
of accessibility.  Dumitrache et al. hasdefined accessibility for C. thermocellum in terms of 
the surface area available for microbial colonization and found that the most accessible 
biomass was associated with the best hydrolysis properties (285).  It is unclear which 
structural properties contributed to this occurrence, though.   
 Hemicellulose and CBP 
Hemicelluloses can be structurally complex carbohydrates that possess several 
attributes that may be linked to recalcitrance.  For instance, the hemicellulose xylan 
participates in unproductive enzyme binding with approximately one quarter of added 
cellulases (286), which may explain xylan’s inhibitory effect towards cellulases (287, 288).  
Hemicellulose substitution, particularly acetylation and methyl esterification, (289, 290), 
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DP (103), composition (291) and content (292, 293) have also been recognized as 
contributors to recalcitrance.  There are minimal known studies surrounding C. 
thermocellum and difficulties in hydrolysis due to hemicellulose.  Though little is known, 
it appears that C. thermocellum degrades high DP (15 to 40 units) xylan first during 
hydrolysis (196) and converts ~10% more glucan in the absence of hemicellulose (201). 
 Lignin, Recalcitrance, and CBP 
Lignin’s role in recalcitrance (294-296) is relatively well-characterized compared 
to cellulose and hemicellulose.  Lignin adsorbs to enzymes and engages in nonproductive 
enzyme binding, thereby reducing the available cellulase concentrations.  Binding 
interactions are influenced by lignin structure.  For example, G lignin binds more strongly 
to cellulases than S lignin (297).  Additionally, lignin’s adsorption capacity towards 
cellulases have been enhanced following the liquid hot water pretreatment as its surface 
charge was more negative (298).  Lignin may also serve as a physical barrier to enzymes 
by reducing the available surface area.  Studies have acknowledged that lignin S/G ratio 
(299) and content (299-302) shape progression of enzymatic hydrolysis.  As lignin-related 
obstacles are identified, countless technologies are introduced to combat them.  Surfactants 
have been introduced to alleviate lignin adsorption onto cellulases (303, 304), while 
modified pretreatments have been used to lower the concentration of lignin-derived 
inhibitors present in pretreated materials (305).  Others carry out genetic manipulations to 
alter the lignin structure or content to facilitate enzymatic hydrolysis (295, 306, 307).  In 
C. thermocellum, at least two studies suggest that high lignin contents (308, 309) and low 
S/G ratios (275) appear to be detrimental to CBP. 
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 Structural Analysis to Identify Recalcitrant Features of Biomass 
While a number of assays can be run to assess these polymers and their structures, 
tests in this particular setting must rapidly and precisely analyze high sample volumes with 
mg sample quantities.  Typically, these analyses characterize one or more structural 
features of biomass and pair the results with enzymatic hydrolysis data to identify how 
structure influences the rate of hydrolysis.  Structural features that cause depressions in 
enzymatic hydrolysis rates likely contribute to recalcitrance.  Ideally, these studies should 
pinpoint one structural feature in whole biomass that contributes to recalcitrance; however, 
it is difficult to separate the many contributors to recalcitrance from one another without 
isolation.  Nonetheless, there are several chromatographic and spectroscopic tools that are 
used to assess the structure of biomass and relate the findings to the progression of 
enzymatic hydrolysis and CBP.   
2.4.4.1 Isolation for Characterization using Wet Chemistry          
Prior to analysis, wet chemistry is regularly required to isolate lignin, cellulose, and 
hemicellulose to expedite their subsequent characterizations.  Following isolation, these 
polymers can be further treated (i.e. derivatized, dissolved, etc.) to prepare them for 
instrumental analysis.  In certain circumstances, wet chemistry is also used quantify 
biomass components as in the determination of Klason lignin contents (310).  In brief, these 
wet chemistry methods utilize processes such as delignification and carbohydrate removal 
with enzymes.     
2.4.4.2 Molecular Weight Analysis by Gel Permeation Chromatography 
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Following cellulose, hemicellulose, or lignin isolation, these polymers are analyzed 
to establish their role in recalcitrance.  Lignin, cellulose, and hemicellulose use a host of 
instrumentation (5, 40, 311) that can provide molecular weights; however, gel permeation 
chromatography (GPC) remains an attractive tool as it offers a relatively rapid assessment 
of a wide range of molecular weights with mg quantities of starting material (5).  GPC, 
which uses a column filled with a porous packing material, separates polymers based on 
their hydrodynamic radii.  Larger polymers are excluded from smaller pores and travel 
through the column quickly, whereas smaller polymers travel through more pores and 
experience extended travel times.  In order to convert the elution time into molecular 
weights, the operator must construct a calibration curve that correlates known molecular 
weights with elution time.  For biomass-derived polymers, the calibration curve uses either 
polystyrene or pullulan standards, depending on the mobile phase.   
 Polymers may require derivatization prior to dissolution in the mobile phase. 
Hemicellulose does not require derivatization in aqueous solvents, whereas lignin and 
cellulose may or may not.  Derivatization offers benefits such as reduced association 
effects, which are often observed in underivatized lignins (312, 313), and improved 
solubility.  Nonetheless, studies have been conducted that eliminate the need for cellulose 
and lignin derivatization, which may have advantages over the traditional methods.  
Cellulose dissolution, for example, in dimethylformamide and the ionic liquid 1-ethyl-3-
methylimidazolium acetate reduced typical sample preparation times for a GPC from days 
to a few h (314).  Acetobromination has also been found to improve lignin solubility for 
GPC (313).  Acetylated Norway spruce milled wood lignin (MWL) required six days to 
achieve 60% dissolution in THF; however, acetobromination achieved complete 
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dissolution in glacial acetic acid in the same time frame (313).  Ultimately, the decision to 
derivatize the polymers depends on each individual study’s needs.   
After sample preparation methods and the appropriate testing parameters have been 
selected, molecular weight data can be obtained.  Molecular weight data is described in 
terms of the number-average molecular weight (Mn), the weight average molecular weight 
(Mw), and the polydispersity index (PDI).  Mn describes the average molecular weights of 
the polymer chains.  Mw provides a similar estimation of the average molecular weight, 
except the average is skewed towards heavier chain polymers.  PDI is a measure of the 


















2.4.4.3 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-
FTIR) and Solid-State Nuclear Magnetic Resonance Spectroscopy (NMR) to 
Assess Cellulose Crystallinity 
Unlike molecular weight analysis which is applicable to all three polymers, 
crystallinity measurements pertain to cellulose alone.  Similar to molecular weight analysis, 
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there are several instrumentation available to quantify crystallinity (315).  Attenuated total 
reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) and solid-state nuclear 
magnetic resonance spectroscopy (NMR) are two types of instrumentation available to 
characterize crystallinity and offer numerous advantages for cellulose crystallinity 
estimations. 
 ATR-FTIR identifies particular bonds that are present within cellulose to calculate 
the lateral order index (LOI), an estimate of cellulose crystallinity. ATR-FTIR minimizes 
sample preparation and can provide results within minutes, depending in the number of 
scans, with high reproducibility.  During analysis, an infrared beam is directed towards the 
crystal accessory such as a diamond or germanium at an angle. The beam is totally reflected 
and generates an evanescent wave that penetrates the material of interest and subsequently 
becomes weakened.  The evanescent wave then returns this energy to the infrared beam, 
which travels to the detector to form the infrared spectrum.  A representative cellulose 
spectrum is presented in Figure 8, and  Table 11 outlines select peaks in the cellulose 
structure located in the ATR-FTIR spectrum (316).  The peaks at 1430 and 898 cm-1, which 







Table 11 – Select functional groups in cellulose, hemicellulose, or lignin and their bond 
assignments 
Wavenumber (cm-1) Functional group 
3570-3200 (broad) H-bonded O-H 
2970-2950 and/or 2880-2860 Methyl C-H asymmetric/symmetric bend 
2850-2815 Methoxy, C-H stretch 
1615-1580 Aromatic ring stretch 
1510-1450 Aromatic ring stretch 
1470-1430 and 1380-1370 Methyl C-H asymmetric/symmetric bend 
~1200 Phenol, C-O 
~1100 Secondary alcohol, C-O 
~1050 Primary alcohol, C-O 
900-670 (multiple) Aromatic C-H out-of-plane bend 
Coates, J. (2006). Interpretation of Infrared Spectra, A Practical Approach. Encyclopedia 
of Analytical Chemistry, John Wiley & Sons, Ltd. 
Solid-state NMR generates a 13C NMR spectrum that quantifies cellulose 
crystallinity with the cellulose crystallinity index, or CrI (%).  While the sample preparation 
efforts are similar to those needed for ATR-FTIR, solid-state NMR requires lengthier times 
for data acquisition.  Solid-state NMR has been recognized as a highly accurate measure 
for cellulose crystallinity relative to other methods (315, 318) and can provide more 
complex information about crystalline structure than ATR-FTIR, if desired. Solid-state 
NMR differs from solution-state NMR in that anisotropic interactions between nuclei 
broaden peaks; however, rapid spinning at the magic angle 54.74° helps to relieve the 
broadening.  Additionally, spectral quality is improved with increases in the signal-to-noise 
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ratio with cross-polarization, where polarization from abundant nuclei such as 1H can be 
transferred to less abundant nuclei like 13C.   
 
Figure 8 A representative cellulose ATR-FTIR spectrum of Avicel pH 101 
The 13C CP/MAS spectrum of cellulose contains seven peaks; however, the 
calculation of CrI (%) requires the area attributed to C4 in the glucose monomer, which 
yields two peaks during analysis (Figure 9).  These peaks occur at A79-86 ppm and A86-92 ppm, 
which represent amorphous and crystalline cellulose, respectively.  CrI (%) is determined 
from the below equation, which computes a percentage from the total amorphous and 





𝐴79−86 𝑝𝑝𝑚 + 𝐴86−92 𝑝𝑝𝑚
×100 (4) 
In sum, both ATR-FTIR and 13C CP/MAS are effective methods for characterizing 
cellulose structure (274, 319-324). 
 
Figure 9 13C NMR spectrum of cellulose with hemicellulose removed by acid hydrolysis 
2.4.4.4 Accessibility Assessment with the Simons’ stain technique 
Common ways to asses cellulose accessibility include water retention values 
(WRV) (325), the Brunauer-Emmett-Teller method (BET) (326), the Simons’ stain (327), 
and other methods (328).  Recent advances have even led to the use of the TGC protein, 
which contains a cellulose-binding module and a green fluorescence protein, to determine 
accessibility via its binding capability to cellulose (281, 282, 329).  The Simons’ stain is a 
simplistic semi-quantitative assessment of accessibility that uses two aqueous dyes and an 
ultraviolet spectrophotometer, or UV-Vis. Simons’ stain has several advantages over other 
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test methods.   Unlike a number of other methods that measure accessibility, Simons’ stain 
works on both wet and dry samples.  Additionally, methods such as BET and WRV risk 
overestimating accessibility as the sizes of nitrogen and water are much smaller than 
cellulases (281). 
Direct Orange 15 (DO 15) and Direct Blue 1 (DB 1), the two dyes used during the 
Simons’ stain (Figure 10), bind to cellulose based on their affinities to cellulose and their 
sizes.  DO 15 has a higher affinity to cellulose than DB 1.  Additionally, DO 15 (molecular 
weight>100,000 kDa) generally binds to larger pore sizes (5-36 nm) than DB 1 (1 nm).  
These two variables become especially relevant to describing a cellulose fiber’s specific 
surface area available to cellulases and the pore sizes that cellulases can pass through to 










Direct Blue 1 
 
Direct Orange 15 
 
Figure 10 Chemical structures of DB1 and DO15 (330) 
During the Simons’ stain, DO 15 and DB 1 are incubated with milled biomass, and 
the unbound dyes are removed and measured with UV-Vis to quantify changes in dye  
between molar concentration and dye absorbances with Beer-Lambert’s law (Equation 5).  
Prior to analysis, Simons’ staining requires the construction of a standard curve to calculate 
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ε, molar absorptivity, at wavelengths 455 and 624 nm.  These wavelengths represent the 
maximum absorbances for the blue and orange dyes respectively.  Because pathlength (l) 
and ε are constants and known, the absorbance (A) of the spent dyes can be measured and 
used to calculate c, the dye concentrations with Beer-Lambert’s law for a binary mixture 
(Equation 6).  The dyes’ absorbances are then obtained to quantify changes in dye 
concentrations due to interactions with cellulose.  Finally, the maximum dye absorbance 
can be calculated with the Langmuir isotherm (Equation 7) by linearly plotting the 
concentrations of the adsorbed and free dyes. 
 A = ε × c × l (5) 
 𝐴455 𝑛𝑚 = 𝜀𝑂 𝑎𝑡 455 𝑛𝑚×𝑙×𝐶𝑂 + 𝜀𝐵 𝑎𝑡 455 𝑛𝑚×𝑙×𝐶𝐵 
𝐴624 𝑛𝑚 = 𝜀𝐵 𝑎𝑡 624 𝑛𝑚×𝑙×𝐶𝐵 + 𝜀𝑂 𝑎𝑡 624 𝑛𝑚×𝑙×𝐶𝐵 
(6) 
A: absorbance, ε: molar absorptivity, c: concentration (mol/L), and l: pathlength (cm) 










 [A]: amount of adsorbed dye, [C]: amount of free dye, [A]max: maximum adsorbed dye, 




2.4.4.5 Two-Dimensional NMR for Detailed Plant Cell Wall Analysis 
Heteronuclear single quantum coherence (HSQC) solution-state NMR spectroscopy 
represents one of the most powerful tools for biomass characterization.  NMR spectroscopy 
provides detailed information about lignins, LCCs, and/or the whole cell wall that allows 
for semi-quantitative measurements and structural comparisons using the 1H and 13C 
spectra.  Although NMR spectroscopy and mass spectrometry (MS) generate similar 
structural information such as lignin S/G ratio (331) and interunit linkages (332), MS is a 
destructive technique and structural information may be lost during analysis.  NMR 
spectroscopy’s primary drawback, however, is its reduced ability test a high number of 
samples in comparison to the previously mentioned techniques (i.e. GPC, solid-state NMR, 
FTIR).  Nonetheless, supporting data from other instrumentation can identify a “strong 
lead” to narrow down samples of interest for 2D NMR.   
 Multidimensional NMR experiments like HSQC interpret structurally complex 
molecules by correlating the chemical shifts (Table 12) of 1H and 13C that are directly 
bonded to one another.  HSQC contains spectral cross peaks that are used to measure 
interunit linkages and structural properties such as the relative proportions of S, G, and H 
lignin.  HSQC has captured lignin restructuring following the ethanol organosolv (333), 
hydrothermal (334), and dilute acid (335) pretreatments as well as in transgenic plants (55, 
58, 336).  Certain well-resolved peaks in the HSQC spectra are integrated (Figure 11), and 




Table 12 – Peak chemical shifts and assignments in the 2D HSQC NMR spectrum of lignin 
δC/δH (ppm) (334) Assignment 
53.2/3.5 Cβ/Hβ phenyl coumaran substructure 
55.7/3.8 C/H in methoxyl groups  
60.2/3.6 Cγ/Hγ in β-O-4 substructures  
62.8/3.8 Cβ/Hβ in β-1 
71.5/4.8 Cα/Hα in β-O-4 linkage  
84.8/4.3 Cβ/Hβ in β-O-4 linkage  
84.7/4.7 Cα/Hα in β-1 
87.1/5.5 Cα/Hα in phenyl coumaran 
104.3/6.7 C2,6/H2,6 in etherified syringyl units (S2,6) 
105.5/7.3 C2,6/H2,6 in oxidized syringyl units (S'2,6) 
111.4/7.0 C2/H2 in guaiacyl units (G2) 
115.4/6.77 C5/H5 in guaiacyl units (G5) 
119.3/6.82 C6/H6 in guaiacyl units (G6) 
130.0/7.5 C2,6/H2,6 in p-hydroxybenzoate units (PB2,6) 
 
 
Figure 11 – A representative 2D HSQC NMR spectrum from P. trichocarpa 
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 Biomass Analysis Reveals Contributors to Recalcitrance 
Aside from these tools, there are an abundance of other tools such as glycome 
profiling (337) and Raman spectroscopy (338) that are available for biomass 
characterization.  For simplicity purposes, the above-mentioned techniques and 




CHAPTER 3. MATERIALS AND METHODS 
3.1 Chemical and Supplies 
With few exceptions, laboratory reagents and supplies were purchased from VWR 
International (Radnor, PA) and/or Sigma Aldrich (St. Louis, MO).  Pylam Products Co. 
(Garden City, NY) provided the orange and blue dyes, while Amicon, Inc. (Beverly, MA) 
provided the ultrafiltration apparatus. For Klason lignin analysis, the G8 glass fiber filters 
were purchased from Thermo Fisher Scientific (Madison, WI).  The cellulases Ctec2 and 
Htec2 were obtained from Novozymes (Franklinton, NC). 
3.2 Biomass: Populus trichocarpa 
Four-year-old Populus trichocarpa was cultivated and harvested in Clatskanie, OR.  
The logs were sliced, debarked, air-dried and subsequently milled (Thomas Scientific, 
Swedesboro, NJ) through a 0.841 mm screen.  The milled P. trichocarpa was stored at -
20°C prior to use. 
3.3 Fermentation Residues 
Fermentation residues, or P. trichocarpa that had been treated with C. thermocellum 
(ATCC, Manassas, VA) were obtained from the BioSciences Division at ORNL.  The 
fermentation residues were received frozen and were freeze dried (VirTis, SP Scientific, 
Warmister, PA) overnight prior to analysis. 
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3.4 Experimental Methods 
 Consolidated Bioprocessing with C. thermocellum 
Consolidated bioprocessing (CBP) was carried out in batch bottle fermentations 
with C. thermocellum at 60°C at 150 rpm for 5 d.  The biomass was autoclaved for 
sterilization purposes (121°C for 20 min) and washed prior to experimentation.  The 
biomass loadings were calculated on a dry basis and were at least 5 g/L, depending on the 
starting amount of biomass.  C. thermocellum was grown on media for thermophilic 
Clostridia.  Fermentation yields were determined by HPLC quantification.   
 CBP was also conducted on fermentation media in the Satorius BIOSTAT QPlus 
bioreactors (Sartorius Stedium Biotech, Göttingen, Germany) at 60°C and pH 7 at 200 rpm 
under nitrogen. The pH was maintained though out the experiment with the addition of 3 
N KOH.  HPLC was also used to quantify fermentation products at specified intervals. 
 Separate Hydrolysis and Fermentation 
The enzymes Cellic Ctec2 and Htec2 (Novozymes, Franklinton, NC) were used to 
hydrolyze cellulose in batch bottles at a 5% (w/v) loading.  The hydrolysis took place at 
50°C for 5 d in 50 mM citrate buffer.  Fermentations were subsequently carried out with 
Saccharomyces cerevisiae D5A (ATCC 200062), which was grown on yeast extract 
peptone dextrose agar at 35°C for 3 d.  Fermentation yields were determined by HPLC 
quantification.   
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 Soxhlet Extraction 
In order to remove extractives, P. trichocarpa underwent Soxhlet extraction with 
dichloromethane or 1:2 (v/v) ethanol:toluene.  Milled biomass was dispersed into Whatman 
cellulose extraction thimbles (33 mm × 80 mm).  The Soxhlet extraction apparatus was 
assembled, and the appropriate extraction solvent (or solvent mixture) was added.  The 
extraction thimble was inserted into the extraction chamber, and the solvents were heated 
under reflux to achieve six cycles per h for 4.5 h with dichloromethane or 12 h with 1:2 
(v/v) toluene:ethanol.  Upon completion, the biomass was air-dried in the extraction 
thimble to evaporate residual solvent. 
 Wet Chemistry for Biopolymer Isolation 
3.4.4.1 Delignification: Cellulose and Hemicellulose Isolation 
Peracetic acid (32% w/w) was added to air-dried P. trichocarpa or the freeze-dried solid 
residuals (3.5 g/g biomass) to remove lignin (339).  The delignified wood pulp, or 
holocellulose, was washed with water several times via filtration and air-dried. 
3.4.4.2 Cellulose and Hemicellulose Isolation from Holocellulose for Molecular Weight 
Analysis 
Cellulose and hemicellulose were isolated from holocellulose based on solubility 
differences in sodium hydroxide (NaOH).  Holocellulose was weighed (0.1 g), added to 5 
ml of 17.5% NaOH, and stirred for 2 h in 20 ml scintillation vials.  Water was added to 
dilute the NaOH concentration to 8.75%, and the mixture stirred for an additional 2 h.  The 
mixture was filtered through a 0.45 µm polyamide filter to separate the soluble 
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hemicellulose from the insoluble cellulose.  The cellulose was washed with 1% acetic acid 
and rinsed several additional times with nanopure water.  The cellulose was frozen for two 
h, freeze-dried overnight (Virtis, SP Scientific, Warmister, PA), and vacuum-dried for an 
additional 12 h. 
 Hemicellulose was recovered through precipitation in 7:3 v/v ethanol:acetic acid 
and subsequent centrifugation at 8228 g (Eppendorf Centrifuge 5804R, Eppendorf North 
America, Hauppauge, NY).  The ethanol:acetic acid mixture was decanted, and the 
hemicellulose was washed with  nanopure water two additional times via centrifugation 
and vacuum-dried.     
3.4.4.3 Cellulose Isolation for Crystallinity Analysis 
Hemicellulose was hydrolyzed from holocellulose (approx. 300 mg) with 2.5 M 
HCl under reflux for 1.5 h.  The isolated cellulose was washed via filtration with Milli-Q 
water several times and remained damp (30-60% moisture) prior to analysis.   
3.4.4.4 Lignin Isolation 
Soxhlet-extracted P. trichocarpa (1-1.5 g) was pulverized with the PM100 
planetary ball mill (Verder Scientific, Newtown, PA) at 580 rpm for 2 h 26 min.  Ctec2 
and Htec2 (Novozymes, Franklinton, NC) were added at 20 FPU/g biomass to remove 
cellulose and hemicellulose, respectively.  C1730, β-glucosidase from almonds (Sigma 
Aldrich, St. Louis, MO), and cellulase (Sigma Aldrich, St. Louis, MO) were employed in 
some experiments to remove cellulose alone from the whole biomass. In either case, the 
enzymatic hydrolysis was carried out in pH 5, 20 mM sodium acetate (NaOAc) buffer for 
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two 48 h periods.  After the first 48 h period, the spent enzyme broth was separated from 
the solid residuals via centrifugation (3889 g) and replaced with new enzymes, which 
carried out hydrolysis for an additional 48 h.  Again, the spent hydrolysis broth was 
removed, and the lignin-enriched residuals were rinsed with the 20 mM NaOAc buffer and 
water.  The lignin was placed in a freezer for two h, freeze-dried overnight, and vacuum-
dried for 12 h at 40°C. 
 Derivatization and Dissolution for Molecular Weight Analysis 
3.4.5.1 Lignin Derivatization and Dissolution 
To remove additional carbohydrates, vacuum-dried lignin-enriched residues (100 
mg) were mixed with 96% (v/v) p-dioxane for 48 h.  The used 96% v/v p-dioxane was 
removed, and the procedure was repeated.  The remaining solids were frozen, freeze-dried 
overnight, and vacuum-dried at 40°C.  The isolated lignin was derivatized via acetylation 
with 4:1 v/v pyridine and acetic anhydride over 96 h.  The derivatized lignin was 
precipitated in ethanol and was separated from the solvents through evaporation with a 
rotary evaporator.  The resulting solids were air-dried and subsequently vacuum-dried.  The 
resulting lignin was dissolved overnight in the mobile phase (tetrahydrofuran) at a final 
concentration of 1-2 mg/ml.  Following dissolution, each sample was filtered through a 
0.45 µm PTFE syringe filter into a 2 ml vial. 
3.4.5.2 Cellulose Derivatization 
Derivatization via tricarbanilation was accomplished by adding cellulose (15 mg) 
to phenyl isocyanate (0.5 ml) and anhydrous pyridine (4 ml) in 20 ml scintillation vials.  
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The derivatization reaction proceeded over 72 h at 70°C and was quenched with addition 
of methanol (1 ml).  Cellulose was precipitated dropwise in 7:3 methanol:water and was 
centrifuged (8228 g) to separate the solvent from the solids.  The derivatized cellulose was 
rinsed once with 7:3 methanol: water and two additional times with water.  The derivatized 
cellulose was vacuum-dried prior to dissolution.   The cellulose was added to THF to 
achieve a final concentration of 1-2 mg/ml and dissolved overnight.  The solution was 
filtered through a 0.45 µm PTFE syringe filter and added to a 2 ml vial. 
3.4.5.3 Hemicellulose Dissolution 
Hemicellulose was dissolved directly in the mobile phase, 0.05 M NaOAc/0.1 M 
NaOH buffer at pH 11.80, to achieve a final concentration of 1 mg/ml.  The samples were 
dissolved overnight and filtered through a 0.45 µm PVDF syringe filter. 
3.5 Surface Roughness of P. trichocarpa logs 
Logs from Populus trichocarpa were sliced with a band saw and sanded with 120 
grit sandpaper to reduce irregularities at the wood surface.  The slices cut to 100 mm 
thickness and were stored at room temperature at 65% relative humidity for two weeks to 
reach a moisture content of 12% (340). The moisture content was verified with a moisture 
balance (Sartorius MA35, Bohemia, NY).  
3.6 Operational Procedures 
 Gel Permeation Chromatography of Lignin, Cellulose, and Hemicellulose 
3.6.1.1 Organic Phase GPC  
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The organic phase GPC, SECurity Agilent 1200 series, used THF as its mobile 
phase.  The injection volume was 25 µl, and the flow rate was 1 ml/min for 50 min.  The 
GPC was equipped with four Waters Styragel columns (Waters, Corp., Boston, MA).  
Standard polystyrene (Polymer Standards Service, Amherst, MA), ranging in molecular 
weights from 1.5×103 to 3.6×106 g/mol, was used to construct the calibration curve for the 
extrapolation of the relative molecular weights.  The resulting peaks were integrated with 
the UniChrom WinGPC7 software (Polymer Standards Service, Amherst, MA), and Mn, 
Mw, and PDI were recorded. 
3.6.1.2 Aqueous Phase GPC 
The aqueous GPC, SECurity Agilent 1200 series, used sodium acetate (0.1 M 
NaOH/0.05 M NaOAc buffer.  The GPC contained three Ultrahydrogel columns (Waters, 
Corp., Boston, MA).  The calibration curve was constructed with pullulan (3.42×102 – 
7.08×105), which was supplied by Polymer Standards Service (Amherst, MA).  The 
injection volume was 25 µl and the flow rate was 0.5 ml/min for 70 min. 
 Log Surface Roughness 
Each log slice was cut to size (100 mm thickness) and analyzed with the Tencor P-
6 stylus profiler (KLA-Tencor, Milpitas, CA). Each slice was scanned at a rate of 200 µm/s 
on a scan size of 500 µm. The stylus tip, which had a radius of 5 µm, was positioned at a 
90° with an applied force 5 mg. The surface profiles were used to calculate Ra (average 
roughness), Rv (mean valley roughness), and Rp (mean peak roughness).   
 Cellulose Crystallinity Analysis with Solid-State NMR 
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13C NMR spectra were acquired with a Bruker DSX-400 spectrometer, equipped 
with a double-resonance MAS probe head, at spin speeds of 8000 kHz and an operating 
frequency of 43.55 MHz.  The 13C CP/MAS experiments were carried out with a 1.5 ms 
contact pulse, 5 µs (90°) proton pulse, 4000 scans and a 4 s recycle delay.   The spectra 
were integrated at the peaks representing carbon 4 in cellulose between 79-86 ppm and 86-
92 ppm with the Topspin 2.1 software to calculate the crystallinity index (CrI). 
 Cellulose Crystallinity Analysis with ATR-FTIR 
The cellulose, which was isolated from hemicellulose via acid hydrolysis, was 
analyzed on a 100 FTIR spectrometer (PerkinElmer, Waltham, MA) with 32 scans at a 4 
cm-1 resolution.  The data was collected with a universal ATR crystal accessory. 
 Simons’ Stain to Measure Accessibility 
3.6.5.1 Dye preparation 
The blue and orange dyes were added to Millipore Milli-Q water to achieve a final 
concentration of 10 mg/ml.  To remove components with molecular weights less than 
100,000 kDa, the orange dye was filtered twice through 100K filter paper on an Amicon 
ultrafiltration apparatus.  The remaining orange dye was recovered, and 1 ml was pipetted 
onto a petri dish.  The petri dish was placed in the 105°C oven to dry for 3 days.  After 
drying, the weight of the dye in 1 ml of solution was obtained, and the orange dye was 
diluted again to achieve a final concentration of 10 mg/ml.      
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3.6.5.2 Standard Curve, Sample Preparation and Analysis 
The calibration curve was prepared with both the orange and blue dyes.  The dyes 
were diluted and prepared in varying concentrations between 0.1 ml and 0.8 ml.  The blank 
for the UV-Vis was water, and the instrument was zeroed with water prior to use.  The dye 
absorbances were recorded at 455 and 624 nm, respectively, and water was maintained as 
a reference. The data from the standard curves were used to determine the molar 
absorptivities (ε) for the orange and blue dyes.   
Phosphate buffered saline solution (0.3 M sodium phosphate, 1.4 M sodium 
chloride) was prepared in Millipore Milli-Q water.  
The calibration curve was prepared with both the orange and blue dyes.  The dyes 
were diluted, and their absorbances were measured.  The blank for the UV-Vis was water, 
and the instrument was zeroed with water prior to use.  The dye absorbances were recorded 
at 455 and 624 nm, respectively, and water was maintained as a reference. The data from 
the standard curves were used to determine the molar absorptivities (ε) for the orange and 
blue dyes.   
Soxhlet-extracted poplar (100 mg) and phosphate buffered saline solution (0.1 ml) 
were added to seven test tubes.  The DB 1 and DO 15 dyes were added in increasing 
volumes (0.1, 0.2, 0.3, 0.4, 0.6, and 0.8 ml) to each tube.  Phosphate buffered saline was 
also added (0.1 ml), and the solution was made up to 1 ml with water.  The mixture was 
incubated for 6 h at 150 rpm at 70°C.  Following incubation, the mixture was centrifuged 
at 10,252 g to separate the biomass from the unbound dyes.   
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The mixture of dyes was diluted and the absorbances at 455 and 624 nm were 
measured with the Lambda 35 UV-Vis spectrophotometer (Perkin Elmer, Waltham, MA).  
The absorbances were used to calculate the concentration of free dye, which was used to 
determine the concentration of bound dye based on an initial concentration of 10 mg/ml.  
The maximum absorbance is also calculated from the previously mentioned data to 
compute the O:B ratio. 
 Klason Lignin and Carbohydrate Compositional Analysis 
Dry, milled biomass was weighed (0.175 g) and hydrolysed with 1.5 ml 72% 
sulfuric acid.  The acid hydrolysis was carried out in a Digiblock heater (Sigma Aldrich, 
St. Louis, MO) for 1 h while stirring every 3 to 5 min.  The solution was diluted to 42 ml 
and autoclaved for 1 h at 121°C.  After cooling, the mixture was diluted to volume (50 ml) 
and was filtered through G8 glass filters to separate the Klason lignin from the hydrolysed 
sugars.  The Klason lignin was dried for 24 h at 105°C and weighed to determine its 
representation in the original biomass.   
The filtrate was diluted accordingly and analysed on the Dionex-ICS 3000 with the 
Chromeleon 7.1 software (Thermofisher, Waltham, MA) and fucose (1 mg/ml) as the 
internal standard.  The Dionex ICS-3000 contained a PC10 pneumatic controller, a 
conductivity meter, an AS40 autosampler, a CarboPac PA1 guard column (Dionex Corp., 
Sunnyvale, CA), and a CarboPac PA1 column (Dionex Corp., Sunnyvale, CA). Calibration 
curves were constructed individually for five common biomass-derived sugars: glucose, 
xylose, mannose, arabinose, and galactose.  The carbohydrate compositions were 
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extrapolated from the calibration curves and adjusted for their respective dilutions to 
determine their concentrations in the original biomass. 
3.7 Statistical Analysis  
Except for 2D HSQC NMR, all analyses were conducted in triplicates.   Outlier 
detection was carried out using a modified z-score (341).  The modified z-score (Mi) was 
calculated using equation 8, which is calculated with the mean (?̅?), the modified absolute 
deviation (MAD), and each individual observation (xi).  The MAD was calculated using 






 𝑀𝐴𝐷 = 𝑚𝑒𝑑𝑖𝑎𝑛(|𝑥𝑖 − ?̅?| (9) 
Statistically significant differences between means were determined with one-way 







CHAPTER 4. LIGNIN EXHIBITS RECALCITRANCE 
ASSOCIATED FEATURES FOLLOWING THE CONSOLIDATED 
BIOPROCESSING OF NATURAL VARIANTS OF POPULUS 
TRICHOCARPA 
4.1 Introduction 
Industrially, starch has enjoyed much more attention and commercial success than 
cellulose for ethanol production. Starch is depolymerized into glucose more easily than 
cellulose, which renders it a more popular substrate. Difficulties in cellulose bioconversion 
are rooted in several inherent structural features of biomass that restrict fungal enzyme 
activities. Recalcitrance describes this resistance to enzymatic deconstruction and severely 
complicates the conversion of cellulose into ethanol. While pretreatments (342) and genetic 
modifications (343) have been investigated to minimize recalcitrance,  consolidated 
bioprocessing (CBP) is an alternative approach to addressing difficulties in biomass 
deconstruction that have contributed to the high costs of ethanol production.  
The common methodology for ethanol production from cellulose follows a four step 
process. Bioresources such as switchgrass or poplar are pretreated to enhance enzyme 
accessibility for the subsequent enzymatic hydrolysis. Fungal cellulases are traditionally 
employed to depolymerize cellulose into glucose units, which are fermented by yeasts to 
yield ethanol. The final stage is distillation, where ethanol is separated from other 
fermentation products. Alternatively, CBP uses microorganism(s) to solubilize and ferment 
five- and/or six- carbon sugars in lignocellulosic biomass in one step and without added 
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enzymes.  While a number of microorganisms can carry out CBP (132), Clostridium 
thermocellum, a thermophilic anaerobic bacterium, has attracted considerable attention as 
a robust CBP microorganism (262). 
C. thermocellum contains a cellulosome, a multi-enzyme assembly that is attributed 
to the efficient solubilization of biomass and saccharification of cellulose. The cellulosome 
promotes synergistic relationships between enzymes, which in turn may be associated with 
its impressive cellulose hydrolysis rates compared to that of fungal cellulases, particularly 
in the presence of Avicel (83, 344). It is worth considering whether the synergistic 
relationships between cellulosomal enzymes are subject to limitations imposed by 
recalcitrance during CBP. While C. thermocellum has been heavily investigated from a 
diverse group of perspectives (132, 262), the structural features of biomass that facilitate 
enzymatic activity remain relatively obscure. Previous studies suggest that short DP (or 
high crystallinity) cellulose (83, 345) and high S/G ratio lignin (345) affect CBP. This 
investigation aims to characterize cellulose, hemicellulose, and lignin structure before and 
after CBP in Populus trichocarpa to associate structural changes to the progression of CBP. 
4.2 Experimental Method 
 Biomass and Fermentation 
Four-year-old natural variants of P. trichocarpa were cultivated and harvested from a 
shared garden in Clatskanie, OR. The natural variants were sectioned into logs, dried, 
debarked, and milled through a 0.841 mm screen. Carbohydrate composition was 
determined using NREL’s Determination of Structural Carbohydrates and Lignin in 
Biomass (346). 
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Autoclaved P. trichocarpa was hydrolyzed and fermented with Clostridium 
thermocellum (ATCC 27405) in no yeast extract media for thermophilic Clostridia. 
Consolidated bioprocessing was carried out in bottles at 1 g/L (dry basis) biomass loadings 
for five days at 58°C and 300 rpm. The fermentation broth was separated from the solid 
residuals via centrifugation, and the solid residuals were frozen prior to structural analysis. 
 Lignin, Cellulose, and Hemicellulose Characterization 
4.2.2.1 α-Cellulose and Hemicellulose Isolation 
Air-dried P. trichocarpa was dispersed into Whatman cellulose extraction thimbles 
and Soxhlet-extracted for 4.5 h in dichloromethane at 100oC to remove extractives. The 
Soxhlet-extracted biomass was air-dried overnight in a fume hood to evaporate residual 
solvent. Peracetic acid (5% w/w) was added to 0.6 g of the extractive-free biomass, and 
delignification proceeded at 22oC for 26 h. The delignified wood pulp (0.10 g) was treated 
with 17.5% w/w NaOH for two h and with 8.75% w/w NaOH for two additional h, a slight 
modification to TAPPI test method T 203 cm-99. The alkali extraction separated cellulose 
from hemicellulose based on solubility differences; the recovered cellulose was washed 
with 1% w/w acetic acid (5 ml) and with water twice (50 ml). α-Cellulose was frozen 
overnight and freeze-dried for 12 h. The soluble component, hemicellulose, was 
precipitated in 7:3 ethanol:acetic acid, washed with water (50 ml) via centrifugation, and 
dried in the vacuum oven for 24 h. 
4.2.2.2 Molecular Weight of α-Cellulose 
Freeze-dried α-cellulose was vacuum-dried at 40°C and weighed (15 mg) into an 
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oven-dried scintillation vial. Anhydrous pyridine (4 ml) and phenyl isocyanate (0.5 ml) 
were added to each vial, which was capped and sealed with parafilm. The samples were 
stirred at 60oC for 3 d, and the reaction was quenched with methanol (1 ml). The solution 
was precipitated in 7:3 methanol:water (25 ml) and washed with water twice (50 ml) via 
centrifugation. The tricarbanilated α-cellulose was dried overnight at 40oC in the vacuum 
oven and dissolved for 12 h in tetrahydrofuran (1 mg/ml). The dissolved samples were 
filtered through 0.45 µm polytetrafluoroethylene membrane syringe filters prior to 
analysis. Each sample was analyzed using an Agilent 1200 series GPC-SEC System 
(Polymer Standard Service, Waltham, MA, USA), equipped with four Waters Styragel 
columns (HR1, HR2, HR4, and HR6). The mobile phase was tetrahydrofuran with a flow 
rate of 1 ml/min, and the instrument was calibrated using narrow polystyrene standards. 
4.2.2.3 Molecular Weight of Hemicellulose 
Dried hemicellulose (1 mg) was dissolved overnight in 0.05 M NaOH/0.1 M 
NaOAc buffer (1 ml) and subsequently filtered through 0.2 µm polyvinylidene fluoride 
membrane syringe filters. The molecular weight analysis was conducted on an Agilent 
1200 series SECurity System (Polymer Standards Service, MA, USA) with Ultrahydrogel 
columns with a flow rate of 0.5 ml/min, using the NaOH/NaOAc buffer (pH 11.80) as the 
mobile phase. 
4.2.2.4 Cellulose Crystallinity and Solid-state NMR Analysis 
The delignified wood pulp was refluxed in 2.5 M HCl at 40oC for 1.5 h to hydrolyze 
hemicellulose. The mixture was cooled to room temperature and filtered to recover 
cellulose. The retentate was washed with water (100 ml), and the moist cellulose was 
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packed into 4 mm cylindrical ceramic MAS rotors. A Bruker DSX-400 spectrometer, 
containing a double-resonance MAS probe head, was used to collect the 13C spectra at 
spinning speeds of 8 kHz. The CP/MAS experimental parameters were 4000 scans, 1.5 ms 
contact pulse, 4 s recycle delay, and a 5 ms (90o) pulse. Peak integration was carried out 
with the TopSpin software (Bruker, Billerica, MA) at 79-86 ppm to represent the 
amorphous cellulose and 86-92 ppm to represent the crystalline cellulose. The crystallinity 
index (CrI) was determined by calculating the fraction of crystalline cellulose as a fraction 
of the total crystalline and amorphous cellulose. 
4.2.2.5 Lignin Isolation and Preparation for HSQC 
Untreated P. trichocarpa was Soxhlet-extracted for 12 h with toluene:ethanol (2:1 
v/v) and air-dried overnight. The dry biomass was ball-milled with the PM 100 planetary 
ball mill (Verder Scientific, Inc., Newton, PA, USA) at 580 rpm for 2 h 26 min. The ball-
milled biomass was treated over 48 h with Ctec2 and Htec2 (Novozymes, Bagsværd, 
Denmark) in 20 mM sodium acetate buffer to remove cellulose and hemicellulose, 
respectively. The enzymatic hydrolysis broth and solids were separated from one another 
through centrifugation, and the enzymatic hydrolysis was recommenced with new enzymes 
and buffer for 48 h. The mixture was centrifuged, and the solids were washed with water, 
frozen, and freeze-dried. The isolated lignin was vacuum-dried at 40oC and dissolved in 
d6-DMSO. 
4.2.2.6 HSQC Parameters 
2D HSQC NMR experiments were carried out on the Bruker Avance III 400 MHz 
NMR (298 K) using a 5 mm Broadband Observe probe (5 mm BBO 400MHz W1 with Z-
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gradient probe, Bruker). The spectra were acquired with the pulse sequence, hsqcetgpsi2, 
with spectral widths of 11 ppm with 2048 data points for the proton experiment and 190 
ppm with 256 data points for the carbon experiment. Furthermore, the SN was 64, and D1 
was 1 s. Chemical shift calibration was achieved with DMSO at solvent peaks δ H/δ 
C=2.49/39.5 ppm. 
4.3 Statistical Analysis 
Statistical analyses were conducted on the DP of cellulose, molecular weight of 
hemicellulose, and cellulose crystallinity data to determine outliers using the modified z-
score proposed by Ingclewicz and Hoaglin. The modified z-score was calculated, as 
described in a previous study (275). Any datum possessing a modified z-score 3.5 was 
considered an outlier and discarded from the data set. Statistically significant differences 
between means were determined with one-way analysis of variance (ANOVA) testing at a 
95% confidence level. Tukey’s test was used to compare means in the data set to further 
assess significant differences between means at 95% confidence 
4.4 Results 
 Carbohydrate compositions and fermentation yields 
Carbohydrate compositions for six Populus trichocarpa were obtained prior to 
microbial treatment. Glucose concentrations ranged from 455.2 mg/g dry biomass in 
BESC-316 to 498.9 mg/g dry biomass in GW-9947. The remaining sugars (xylose, 
galactose, arabinose, and mannose) exhibited minor variations in their concentrations 
between samples. Xylose, specifically, demonstrated the greatest difference in 
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concentration between samples at 13.9 mg/g dry biomass. Acetate was the dominate 
fermentation product followed by ethanol and then lactate (Table 13). Ethanol yields 
ranged from 7.62 mg/g in BESC-316 to 32.22 mg/g cellulose in GW-9947. Accordingly, 
GW-9947 produced the greatest concentrations of lactate (2.43 mg/g cellulose) and acetate 
(123 mg/g cellulose), while BESC-316 produced the least concentrations (0.34 mg/g and 
68.44 mg/g cellulose, respectively). 
Table 13 – Fermentation product yields from the six natural variants of P. trichocarpa 
  
mg/g cellulose 
EtOH SD Lactate SD Acetate SD 
BESC-876 18.00 0.34 0.67 0.33 94.39 0.81 
GW-9920 29.29 0.75 1.43 0.13 114.42 1.42 
GW-9947 32.22 0.73 2.43 0.26 123.31 0.11 
BESC-292 24.50 0.37 1.09 0.07 104.62 0.87 
BESC-316 7.62 0.32 0.34 0.09 68.44 1.93 
GW-9762 22.63 1.24 1.09 0.02 99.33 1.70 
EtOH: ethanol; SD: standard deviation 
 Carbohydrate structure 
4.4.2.1 Cellulose DP and crystallinity 
Cellulose weight-average degrees of polymerization, or DP, from untreated poplar 
(TAPPI test method T203 cm-09) ranged between roughly 2000 and 3000 units in length 
and did not demonstrate statistically significant differences (P>0.05). Following CBP, 
cellulose degrees of polymerization increased in all of the samples (Figure 12), which is 
consistent with other observations (198, 345). Cellulose degrees of polymerization in the 
solid residuals were generally two or more times greater than the initial degree of 
polymerization.  Crystallinity indices (CrIs) for cellulose isolated from the untreated 
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biomass ranged between 54.1 and 61.4%, and only GW-9920 was significantly different 
from the others (P<0.05). Following CBP, the CrIs of the solid residuals ranged between 
54.7 and 57.7%, and significant differences were negligible (P>0.05). Though these 
variations were observed, there was no trend in cellulose degree of polymerization or 
crystallinity that aligned well with fermentation yields. 
 
Figure 12  Cellulose DP from the control and C. thermocellum treated P.  trichocarpa 
4.4.2.2 Hemicellulose molecular weights 
Hemicellulose molecular weights were not significantly different from one another 
neither in the controls nor in the treated materials (P>0.05). Accordingly, the molecular 
weights were relatively similar between the controls (between 3.6×104 and 5.6×104 g/mol) 
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and between the treated (4.0×104 and 5.2×104 g/mol) samples. Lastly, the variability in 
molecular weights tended to be smaller in the treated samples than the controls.   
 Lignin structure 
4.4.3.1 Lignin contents and S/G ratio 
Lignin contents varied by less than five percent in the untreated samples. GW-9947 
had the lowest lignin content (22.76%), while BESC-316 had the highest (27.23%). 
Although the differences appeared minor, lignin contents potentially influence 
fermentation in this and other studies (308, 347).  Specifically, natural variants with lower 
lignin contents tended to generate higher lactate, ethanol, and acetate concentrations 
(Figure 13).  It appears that higher lignin contents reduce hydrolysis efficiencies, which in 
turn reduces sugar yield, or inhibitors accumulate that negatively impact intracellular 
metabolism and fermentation yields.  Both high lignin content (347, 348) and inhibitor 
generation (349, 350) have been linked to decreased end-product yields in C. 
thermocellum.   
4.4.3.2 Lignin S/G ratio and interunit linkages 
The 2D HSQC NMR spectra of a top (GW-9947), moderate (BESC-292), and poor 
(BESC-316) ethanol yielding poplar were obtained to understand structural differences in 
lignin that potentially influence the extent of CBP (Figure 14).  The primary structural 
differences in lignin-enriched residues between untreated BESC-292, BESC-316, and GW-
9947 are listed in Table 14. NMR revealed distinct structural features in lignin that were 
isolated from GW-9947 that may facilitate biomass solubilization and utilization. Firstly,  
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the relative proportion of S lignin in GW-9947 is higher. As a result, its S/G ratio is 
approximately 1.5 times greater than that of BESC-316 and BESC-292. Secondly, the para-
hydroxybenzoate (PB) content was between 2 and 3% lower in GW-9947 than in the 
remaining lignin-enriched residues. Additionally, the number of β-β linkages was 
approximately 2% lower in GW-9947 than in BESC-316; the proportion of β-5 linkages 
demonstrated minor differences between samples. The data reveal that GW-9947 and 









































Figure 14 Illustration of the 2D 1H-13C HSQC NMR spectra of the (a) aliphatic and (b) 
aromatic regions of BESC-292, BESC-316, GW-9947 in lignin isolated from control P. 




Table 14 – Lignin S/G ratio, PB (%) content, and interunit linkages in natural variants of 
untreated P. trichocarpa 
 S/G ratio PB (%) β-O-4 (%) β-5 (%) β-β (%) 
BESC-292 1.85 7.73 82.2 2.85 14.9 
BESC-316 1.62 8.85 79.4 3.92 16.7 
GW-9947 2.62 5.78 83.3 2.26 14.4 
S/G: syringyl to guaiacyl ratio 
PB: para-hydroxybenzoate 
4.5 Discussion 
 Low DP cellulose is utilized before high DP cellulose 
Cellulose DP data indicate that longer cellulose chains remain after CBP. This observation 
suggests that C. thermocellum likely utilizes short chain cellulose and leaves behind longer 
chain cellulose. Similar studies propose that C. thermocellum takes cellulose size into 
account during enzymatic hydrolysis. For example, cellulosomes that were isolated from 
C. thermocellum have been used to hydrolyze Avicel (PH-101) and Whatman filter paper 
no. 1 under the same conditions; however, the conversion of shorter chain Avicel 
proceeded more rapidly and to a greater extent than on the Whatman filter paper (83). 
In fungal cellulase systems, lower cellulose DPs are believed to facilitate enzymatic 
hydrolysis due to greater proportions of hydroxyl groups; however, studies that explore 
this relationship lack consensus (273, 351-353).  In fungal cellulases, shorter chain 
cellulose purportedly possesses more hydroxyl groups that are available for hydrolysis and 
fewer intracellular hydrogen bonds (351). Likewise, short chain cellulose may be a more 
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favorable starting substrate for C. thermocellum, as exoglucanases and β-glucosidases 
could quickly convert cellulose into sugars that can be fermented.   
 Cellulose crystallinities and hemicellulose molecular weights are likely minor 
contributors to recalcitrance during CBP 
Although several reports have argued it is a critical factor to enzymatic hydrolysis (277, 
278, 354), cellulose crystallinity is likely a minor contributor to deconstruction difficulties 
in this study. GW-9920 differed significantly from the remaining controls (P<0.05); 
however, the CrIs were not significantly different from one another (P>0.05) in the treated 
samples. GW-9920 had the highest CrI of all the samples but did not exhibit poorer 
fermentation properties compared to its counterparts. It is unlikely that cellulose CrI is 
dominant factor that is responsible for the CBP differences observed. 
Hemicellulose molecular weight may have important implications in enzyme 
inhibition (103) and have been found to increase in size following enzymatic hydrolysis 
(355).  Hemicellulose molecular weights neither increased nor decreased consistently in 
all of the samples and were not significantly different amongst the controls or treated 
samples (P>0.05). The changes in the molecular weights indicate that hydrolysis likely 
occurs, but the systematic route in which these changes take place cannot be fully 
established by molecular weight alone. Furthermore, hemicellulose molecular weights 
interestingly approach 4.5×104 g/mol, which may suggest that the hydrolysis pattern in C. 
thermocellum focuses primarily on hemicelluloses removal to facilitate cellulose 
hydrolysis rather than its complete degradation for utilization. 
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 Structural variations in lignin structure are apparent between natural variants 
Though recalcitrance is not completely understood during CBP, lignin appears to 
influence the action of C. thermocellum (198, 356).  The lignin contents illustrated in 
Figure 13, as determined by pyrolysis molecular beam mass spectroscopy (py-MBMS), 
indicate that fermentation yields are generally lower in the presence of higher lignin 
contents.  Hence, high lignin concentrations may interfere with CBP due to reduced 
cellulose accessibilities and/or enhanced hydrophobic interactions with its cellulases 
and/or the cellulosome, thereby lowering the amount of sugars released. Additionally, GW-
9947 contains syringyl-rich lignin and demonstrated better fermentation yields during CBP 
than BESC-316 and BESC-292. Similar to free cellulases (307), higher S/G ratio facilitates 
CBP.  
PB (%) content may also influence recalcitrance. The inclusion of 
hydroxybenzaldehyde and hydroxybenzoate derivatives in transgenic Arabidopsis has 
been associated with lower lignin DPs and improved sugar release properties (357). GW-
9947 had the lowest PB (%) content of all three lignins, while BESC-292 had the highest. 
Interestingly, BESC-292 was a moderately performing poplar despite its low S/G ratio, 
which may also be attributed to its high PB (%) content (358). It is possible that the high 
PB (%) content could have also promoted a similar lignin DP reducing effect and or 
increased terminal hydroxyl groups in lignin (359), which may reduce lignin’s surface 
coverage and improve accessibility to cellulose; however, the latter postulation requires 
further investigation. Lastly, the high proportion of carbon-carbon linkages, β-β and β-5 
(%) in BESC-316 compared to the remaining two poplars may have also impeded the 
progression of CBP.  The relative proportions of carbon-carbon linkages and aryl ether 
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linkages influence lignin structure (360), which affects its interactions with cellulases (60).    
4.6 Conclusion 
While hemicellulose molecular weight, cellulose crystallinity, and cellulose DP were not 
prominent contributors to recalcitrance, their analysis provided structural clues regarding 
C. thermocellum’s mode of deconstruction.  Lignin structural analysis indicated that lignin 
structural features, either individually or collectively, influenced the extent of CBP with 
C. thermocellum.  Lignin structure and content contribute to the observed differences in 
CBP, meaning that biomass structure still presents difficulties for large-scale ethanol 











CHAPTER 5. CONSOLIDATED BIOPROCESSING OF POPULUS 
USING CLOSTRIDIUM (RUMINICLOSTRIDIUM) 
THERMOCELLUM: A CASE STUDY ON THE IMPACT OF 
LIGNIN COMPOSITION AND STRUCTURE† 
5.1 Introduction 
Recent advancements in lignocellulosic biofuel strategies have shown increased 
adoption and improved conversion of dedicated bioenergy feedstocks. For example, 
consolidated bioprocessing (CBP) growth on  very high loads of minimally processed 
switchgrass has been described for Caldicellulosiruptor bescii (361). Yeast-based 
simultaneous saccharification and fermentation (SSF) and consolidated bioprocessing with 
Clostridium thermocellum have shown improved bioconversion performance for 
switchgrass with reduced lignin content (362). Bioconversion performances for 
Saccharomyces cerevisiae SSF and several CBP approaches have been assessed for 
switchgrass (Panicum virgatum) under different conditions (363). C. thermocellum has one 
of the highest rates for cellulose utilization (364). Metabolic engineering has generated 
strains that produce 70% of theoretical ethanol yield on Avicel and ethanol titers up to 
73.4 mM, although further engineering is required (365).  
†
This chapter was reproduced from the manuscript entitled Consolidated bioprocessing of Populus using Clostridium 
(Ruminiclostridium) thermocellum: A Case study on the impact of lignin composition and structure, which was published in 2016.  The 
original manuscript can be retrieved at DOI: 10.1186/s13068-016-0445-x and is referenced as Dumitrache, A.; Akinosho, H.; Rodriguez, 
M.; Meng, X.; Yoo, C. G.; Natzke, J.; Engle, N. L.; Sykes, R. W.; Tschaplinski, T. J.; Muchero, W.; Ragauskas, A. J.; Davison, B. H.; 
Brown, S. D., Consolidated bioprocessing of Populus using Clostridium (Ruminiclostridium) thermocellum: a case study on the impact 
of lignin composition and structure. Biotechnology for Biofuels 2016, 9 (31), 1-14.  Permissions to reproduce are located in Appendix 
A. 
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Populus is a fast-growing woody bioenergy feedstock investigated for utilization in 
large scale bioconversion to alcohols (366, 367). Its inherent recalcitrance to enzymatic 
and microbial deconstruction is one of the largest impediments to large scale, economically 
feasible biofuel production. Understanding Populus properties responsible for its resistance 
to degradation will aid in the generation of low recalcitrance plants. Lignin is an important 
component of lignocellulosic biomass, which is thought to act as a physical barrier towards 
the accessible surface of carbohydrates and adsorb and inactivate cellulases to restrict 
enzymatic hydrolysis (368). Lignin is a branched, heterogeneous polymer that makes up 
16% to 28% of the content of undomesticated natural variants of Populus trichocarpa 
(307). When incorporated into lignin, the primary monolignols form three units: p-
hydroxyphenylpropane (H), syringyl (S) and guaiacyl (G). S and G are the predominant 
units in the hardwood lignin backbone and vary in an S/G ratio between 1.0 and 3.0 (307). 
Lignin is most commonly linked through a labile arylglycerol-β-aryl ether (β-O-4) bond 
(369). 
Compositionally, these lignin units differ by the absence of the methoxy group in 
position five on the benzene ring of the G unit, which results in the potential creation of 
two additional highly resistant bonds (370), the 5-5 and the β-5 linkages. This fundamental 
difference has been theorized to prompt differences in biomass degradability when the S 
and G lignin content varies: G-rich lignin could promote thinner cell walls that are easier 
to degrade (371), or it may lead to denser polymer crosslinking with increased resistance 
to degradation (299); S-rich lignin may form predominantly linear, shorter chains with 
thermoplastic properties more favorable to degradation, particularly by hydrothermal 
pretreatments (307).  
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Despite emerging hypotheses, current literature does not hold a unified mechanistic 
understanding on the role of lignin in the biological breakdown of lignocellulosic biomass. 
Still, there is general agreement that lignification significantly inhibits deconstruction, in 
particular, a strong negative correlation is seen between total lignin content and sugar 
release by free-enzyme hydrolysis (372, 373). However, literature data do not show a 
generalized association between lignin composition and cellulose degradability in 
lignocellulose. Several reports found no discernable correlation between lignin S/G content 
and saccharification levels in alfalfa transgenics (373), synthetic cell wall complexes (374) 
and untreated Arabidopsis thaliana mutants (375). A high S/G ratio was found to adversely 
affect xylose release by acid hydrolysis in Populus (299), the enzymatic solubilization of 
maize (376) and transgenic Populus degradation by wood-decay fungi (376). At the same 
time high S/G was found to improve the saccharification of pretreated A. thaliana mutants 
(375), the efficiency of Kraft pulping (377), and enzymatic sugar release in undomesticated 
Populus (307). A challenge in comparing these published results is that many other 
properties beyond S/G ratio may also vary in these studies. These examples demonstrate 
that lignin S and G variations can be neutral or relevant depending on plant species, 
transgenic modifications, biomass pretreatments and the choice of degradation agent or 
method. 
For undomesticated natural variants of Populus trichocarpa, the biomass tested in 
the current study, Studer and collaborators (307) found an S/G ratio above 2.0 to generally 
improve enzymatic hydrolysis, while the worst nine out of 47 performers had either very 
low S/G ratios (below 1.2) or very high total lignin content (above 27.8%). Cellulose 
properties, such as the degree of polymerization (378) and crystallinity (200), have also 
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been of interest for characterization of lignocellulose recalcitrance and were investigated 
in this study in relation to lignin. 
In this study, for the first time, we address whether lignin S/G variations have an 
impact on the consolidated bioprocessing of Populus biomass by a model cellulolytic 
organism, Clostridium thermocellum ATCC 27405. We evaluate the bioconversion 
performance of Populus individuals with similar average total lignin values and high or 
low S/G compositions to determine whether microbes have differential access to sugars, 
whether potential inhibitor release was linked to lignin composition and whether the 
abundance of S and G units was responsible for changes in biomass structural properties 
before and after fermentation (i.e., lignin and cellulose molecular weights, cellulose 
crystallinity and degree of polymerization).  
5.2 Results 
 Initial Microbial Bioconversion Screening of Populus Natural Variants 
Populus natural variants were screened and selected on the basis of average and 
similar total lignin (~ 24%) content. A subsection was assayed for primary carbohydrate 
content (i.e., glucose, xylose, galactose, arabinose and mannose) and the lignin S/G ratio. 
These selected Populus had very similar sugar contents. Three with average S/G ratios (~ 
2.1) and one with the lowest possible S/G ratio (~1.2) were chosen for bioconversion 
performance assessment. Microbial CBP screening of these Populus individuals revealed 
a very similar performance in samples with equal S/G ratios, and a significantly lower 
conversion of the Populus with very low S/G content (Figure 15). The results are consistent 
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with reported solubilization of undomesticated Populus with commercial enzyme mixtures  
(307). 
To investigate what was responsible for the large discrepancy in the degradability of 
Populus with seemingly comparable sugar and total lignin content, but with a two-fold 
change in S/G content, two individuals were selected for further comparative analyses and 
will be referred to as the “low S/G” (natural variant BESC-102) and the “high S/G” (natural 
variant HARA-26-2) phenotypes. 
 
Figure 15 Bioconversion screening through time-course-weight loss measurements in 
batch fermentations with C. thermocellum ATCC 27405 at 5 g/L (dry basis) initial biomass 
loadings. Mean values and standard deviations are shown for triplicate fermentations 
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 Consolidated Bioprocessing (CBP): Microbial Hydrolysis and Fermentation of 
Low and High S/G Populus Phenotypes 
Microbial hydrolysis and fermentation of 20 g/L biomass samples (approximately 
8 to 8.8 g/L glucan) in pH controlled bioreactors showed total solid solubilization of 12% 
in low S/G and 20% in high S/G Populus (i.e., a 50% relative difference – calculated as 
absolute difference normalized to average solubilization for both lines). Ethanol yield 
(mg/g glucan) was 2.9-fold higher for the high S/G Populus, although fermentations of low 
S/G samples had their metabolic output shifted more towards acetate production - reported 
here as normalized to total biomass (Figure 16). Subtracting the end-point biomass-derived 
acetate of control samples from the total acetate in fermentation samples, the rough acetate 
to ethanol ratio was calculated to be 2.9:1 and 5.4:1 for the high S/G and the low S/G 
biomass conversions, respectively. Xylose release was proportional to total solid 
solubilization in both cases (data not shown). Control fermentations with 10 g/L glucan 
(Avicel) showed near-complete solubilization in less than 24 h. Compositional analysis of 
primary sugars in the two Populus phenotypes, before and after microbial bioconversion 
revealed an equal 15% reduction (g/g solid, dry basis) in the measured total carbohydrates. 
Glucose recorded the largest reductions in absolute values; however, with very similar 
relative changes (per gram solid), at 17% and 18% lower post-fermentation glucan content 
in the low S/G and the high S/G phenotypes, respectively (Figure 17). 
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Figure 16 A 2.9-fold ethanol yield increase in the consolidated bioprocessing of high S/G 
Populus biomass over the low S/G variant (top); biomass-derived acetate (below, dotted 
line) measured in un-inoculated bioreactor controls and total acetate measured in CBP 
bioreactors (below, solid line)—fermentative acetate is approximately the difference 
between these two series. Mean values and standard deviations are shown for triplicate 
fermentations 
 
Figure 17 Sugar content per gram solid in low S/G (left) and high S/G (right) Populus 
before and after consolidated bioprocessing. Mean values and standard deviations are 
shown for solids of triplicate fermentations 
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 Separate Hydrolysis and Fermentation (SHF): Free-enzyme Hydrolysis and Yeast 
Fermentation of Low and High S/G Populus Phenotypes 
To test whether the large differences observed under CBP conversion were largely 
at the hydrolysis level, the two Populus phenotypes were also processed with a mixture of 
commercial cellulases, hemicellulases and a β-glucosidase at 50°C. A 52% relative 
difference in glucose release was measured in favor of the high S/G phenotype. Xylose 
release measured a similar 60% relative difference (data not shown), and the subsequent 
yeast fermentation of solubilized sugars had similar conversion efficiency to ethanol (i.e., 
ethanol yield/glucose release, under 5% relative difference) (Figure 18), indicating no 
biomass-derived adverse effect on the yeast metabolism. 
 
Figure 18 Glucose release and subsequent yeast fermentation to ethanol in separate 
hydrolysis and fermentation (SHF) of the low and high S/G Populus. Mean values and 
standard deviations are shown for triplicate fermentations 
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 GC-MS Metabolome Analysis of CBP Bioconversions for Identification of Potential 
Inhibitor Release 
In order to test whether biomass-derived inhibitors were contributors to differences 
in biomass solubilization during microbial hydrolysis, extracellular bioreactor metabolome 
samples were analyzed at time zero, 71 h and 140 h. Unsurprisingly, guaiacyl lignans were 
released in higher proportion from the low S/G Populus, while syringyl lignans in higher 
proportion from the high S/G biomass (Table 15). However, the very low detected 
concentrations were below what was considered inhibitory. The most common biomass-
derived inhibitors (e.g., lignin precursors, HMF, furfural, etc.) were also not detected in the 










Table 15 – Time-course GC–MS metabolome analysis of CBP bioconversions; aqueous 


























0.02 0.01 1.50  0.26 0.77 0.34  0.46 1.73 0.27  
11.64 347 0.38 0.16 2.37  4.62 0.97 4.78  8.23 1.74 4.72  
11.00 218 100 2.13 0.55 3.89  5.16 1.28 4.04  4.20 1.30 3.23  
10.92 218 100 277 3.38 1.08 3.14  9.32 3.71 2.51  7.73 2.41 3.21  
14.90 Guaiacyl 
lignin 
1.33 0.36 3.73  1.15 0.36 3.19  0.72 0.28 2.61  
14.96 Guaiacyl 
lignin 
2.30 0.68 3.36  2.27 0.81 2.80  1.67 0.70 2.37  
Guaiacyl glycerol 0.09 0.04 2.17  0.10 0.05 2.20  0.09 0.05 2.00  
15.52 Syringyl 
lignin 
0.09 0.17 0.55  0.12 0.25 0.49  0.13 0.28 0.46  
15.44 Syringyl 
lignin 
0.05 0.10 0.55  0.05 0.10 0.47  0.04 0.10 0.38  
Syringyl glycerol 0.09 0.09 1.04 0.13 0.12 1.09 0.12 0.13 0.92 
Lo S/G represents low S/G ratio; hi represents high S/G ratio 
Among the identified metabolites, p-hydroxybenzoic acid was released in higher 
concentrations (up to 6.8 µg/mL) and also showed the most pronounced fold-differences 
between the two Populus phenotypes. In order to test the potential inhibitory effect of p-
hydroxybenzoic acid, it was added to fermentations of the high S/G Populus at two 




Figure 19 CBP fermentations of the high S/G Populus phenotype with additions of 
potential inhibitor p-hydroxybenzoic acid showed no significant effect on metabolic 
output. The compound was added to the culture medium in quantities that produced final 
concentrations close to onefold and tenfold the concentrations found in the low S/G 
cultures. Mean values and standard deviations are shown for triplicate fermentations 
 Biomass Characterization: Cellulose Degree of Polymerization, Crystallinity and 
Lignin Molecular Weight 
Cellulose was isolated from the low and high S/G biomasses, before and after CBP 
fermentation. The number-average and the weight-average degree of polymerization (DPn 
and DPw, respectively) for cellulose were calculated from molecular weight determinations 
obtained by gel permeation chromatography (GPC) (Figure 20). The high ratio S/G 
Populus had marginally longer cellulose chains (i.e., DPn); however, the difference became 
statistically insignificant after bioconversion (p=0.41). The degree of polymerization 
increased in both feedstocks following microbial hydrolysis by roughly 19 to 24 units. 
Polydispersity measurements provide indications of the broadness of molecular weight 
distributions for polymers. Polydispersity (DPw/DPn) calculations indicated the low S/G 
Populus had a wider distribution of cellulose molecular weights (19.1 for low S/G and 16.6 
for high S/G Populus), which did not change much after fermentation. 
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Cellulose crystallinity was assessed using ATR-FTIR (attenuated total reflectance 
- Fourier transform infrared) to determine its relationship to S/G ratio.  Peaks at 1430 cm-1 
and 898 cm-1 in the FTIR spectrum are sensitive to changes in crystalline and amorphous 
cellulose content (379) [23, 24] and thus, the ratio of these peaks provides for comparisons 
of cellulose crystallinities through the lateral order index (LOI) (Figure 20). The low S/G 
Populus displayed an initially higher crystallinity ratio (p=0.22) compared to the starting 
high S/G Populus, which decreased following CBP conversion (p=0.29). The high S/G 
biomass started with a lower LOI that increased after microbial conversion (p=0.46). 
However, differences were not statistically significant at 95% confidence and the wider 
variations may be credited to heterogeneity in the small subsamples used in this analysis. 
 
Figure 20 Cellulose number-average degree of polymerization (DPn) for “low S/G” and 
“high S/G” Populus, before and after CBP bioconversion. In both phenotypes, cellulose 
chain length increased slightly after fermentation; however, differences in cellulose 
properties between the two feedstocks are not particularly significant (left); the ratio of 
crystalline to amorphous cellulose showed no significant differences between the two 
Populus phenotypes (right) 
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Lignin was also isolated from the two Populus phenotypes before and after CBP 
conversion and its molecular weight (in g/mol) was determined by GPC. The results 
pointed to the most meaningful difference between these Populus (Figure 21), where the 
high S/G variant had significantly larger lignin molecular weights than the low S/G 
biomass (p<0.01) in both the initial and the CBP-processed samples. Post-fermentation 
biomass had modest lignin Mw increases in both phenotypes (although with low statistical 
significance, p=0.13 and p=0.11). The polydispersity indices were not different between 
the S/G variants (i.e., 2.2) and marginally increased to 2.4 only in the high S/G Populus 
after CBP conversion. 
 
Figure 21 Lignin molecular weights (M w) are notably larger in the high S/G Populus wood 
before and after CBP conversion (left); the direct orange dye adsorption, determined by 
modified Simons’ staining, revealed better cellulose accessibility in the high S/G Populus 
phenotypes before and after fermentation (right) 
 Simons’ Staining: Cellulose Accessibility Measurements 
Simons’ staining utilizes mixtures of a small blue dye (~1 nm molecular diameter) 
and a larger orange dye (~5-36 nm) to characterize cellulose surface porosity (380). In this 
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study, we report the orange dye adsorption values (Figure 21), because the orange dye has 
a higher affinity to cellulose and is thought to provide a good estimation of enzymatic 
accessibility to cellulose surface area due to the dye’s molecular weight similarity to 
cellulases and its high binding affinity (381). The high S/G Populus had better orange dye 
adsorption than the low S/G Populus (p=0.04); and in both cases, these values decreased 
by small, although statistically not significant, amounts after CBP fermentation (p=0.60 for 
low S/G and p=0.24 for high S/G samples). 
5.3 Discussion 
Based on literature investigations, to our knowledge, the impact of the syringyl and 
guaiacyl content in various natural and synthetic substrates has been studied almost 
exclusively using free-enzyme systems.  Microbial lignocellulose conversion quite often 
relies on adherent microbes that have improved access to substrates and in general show 
better hydrolytic performance than their purified cellulase preparations (382). The 
objective of this study was to expand our comprehension of lignocellulose recalcitrance to 
microbial solubilization and in particular when the content of syringyl units is nearly equal 
to (low S/G ratio) or two-fold higher (high S/G ratio) than the guaiacyl monolignol content. 
The research presented here investigated a small sample size of a single plant species, and 
represents a case study intended to identify key biomass properties that impact 
solubilization of biomass by microbes and purified enzymes. Further validation requires 
larger sample sets and/or multiple plant species. 
Our initial screening of natural Populus variants showed C. thermocellum 
bioconversions could be just as sensitive to biomass compositional properties, and in 
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particular with respect to lignin, as hydrolysis with commercial enzyme preparations (307). 
Microbial hydrolysis of biomass in bioreactors showed a relative 50% improvement in 
solubilization for the unpretreated high S/G Populus compared the low S/G biomass. C. 
thermocellum bioconversion was comparable to the 52% relative difference in the glucose 
release from the hydrolysis of these plant lines with commercial enzyme blends, which 
indicate the performance differentiator in microbial conversion is also likely at the level of 
enzymatic activity, rather than due to disparities in microbial growth. Surprisingly, both 
Populus samples had an average 15% relative reduction in total measured carbohydrates 
following microbial conversion, while glucan alone was reduced by 17% to 18% per gram 
of post-fermentation recovered solid, indicating that glucose extraction, or mining, from 
the lignocellulosic matrix did not occur preferentially in either Populus biomass. The 
limited solubilization in all tests is typical for the minimally processed (milled, washed and 
autoclaved) woody biomass that was used to accentuate lignin differences without gross 
alterations (130, 309). Considering the large relative difference in total solid solubilization 
between these phenotypes, it is reasonable to conclude that microbial hydrolysis occurred 
in a similar mechanistic pattern, where the high S/G Populus was deconstructed at a faster 
rate. The evidence denotes less restricted enzyme access to the carbohydrates of the 
biomass with higher S/G lignin ratio; unfortunately, literature provides little corroboration 
on the actual mechanisms of complex lignocellulose breakdown by cellulolytic organisms.  
A bias towards acetate production was observed in the fermentation of the low S/G 
Populus, and it is thought to be the consequence of lower carbon availability; a 
phenomenon also observed during the growth of this organism on pure cellulose substrates 
(383). Previous reports catalogued the release of Populus-derived inhibitors against C. 
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thermocellum after dilute acid pretreatment (384); however, our fermentation metabolome 
analysis performed under the same GC-MS technique, did not reveal significant 
accumulation of these products which may be a result of using different biomass materials 
and/or different preparation methods. A previously unidentified component, p-
hydroxybenzoic acid, was observed in this study but also found non-inhibitory when it 
alone was added in high levels. It remains uncertain if p-hydroxybenzoic acid is associated 
with lignin or hemicelluloses. Under the circumstances, differences in the activity of cell-
bound enzymes could not be linked to the presence of aqueous inhibitors. 
It was also important to compare the properties of cellulose and lignin in the two 
Populus samples that had been postulated in the literature to have a role in biomass 
solubilization, and to observe how these properties changed due to microbial activity. A 
lower cellulose degree of polymerization (DP) has been typically associated with greater 
availability of cellulose chain ends and therefore improved hydrolysis (378). Our Populus 
phenotypes, exhibited cellulose of similar average chain length which marginally increased 
after fermentation, a phenomenon also observed in the utilization of birchwood by C. 
thermocellum (198).  In general, lower cellulose crystallinity improves hydrolysis with 
free-enzymes (200).While cellulose accessibility can be affected by crystallinity, other 
attributes such as lignin/hemicellulose contents and distribution, porosity can play roles in 
cellulose digestibility (315) and the influence of crystallinity on consolidated bioprocessing 
with cellulolytic bacteria is less clear.  Cellulose hydrolysis by C. thermocellum or its 
cellulosome has been proposed to occur at equal rates on crystalline and amorphous 
cellulose (198) and in other instances to occur rapidly on microcrystalline cellulose (83, 
201). In the current study, cellulose crystallinity in the two Populus tested was not affected 
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by lignin composition, and did not significantly change under CBP treatment. Crystallinity 
is not considered a performance differentiator in the solubilization of these Populus 
phenotypes.  
Lignin molecular weight was the strongest indication of structural differences in 
the compared biomasses; where a low S/G ratio resulted in greatly reduced lignin molecular 
weights. These results deviate from previous postulations that syringyl-rich lignins possess 
more fragmented structures and smaller molecular weights (307). GPC separates polymers 
based on molecular size and assumes the polymer of interest to have spherical 
conformation in solution (385); therefore, variations in calculated molecular weights may 
be attributed to differences in polymer chain size or conformation (i.e., a given polymer 
may appear low weight if it was highly branched, or high weight if it was straight chain).  
Hypothetically, structural disparities between lignins with low and high S/G ratios may 
stem from the radical polymerization of lignin. Coniferyl alcohol polymerization, which 
incorporates G-units into lignin, generates a more condensed lignin structure due to 
increased proportions of carbon-carbon linkages (386). The compact structure of lignin 
isolated from low S/G Populus may manifest itself as a lower molecular weight, whereas 
the less compact structure of the high S/G phenotype may produce higher relative 
molecular weights. 
Simon stains suggests the potential for greater enzyme accessibility to cellulose in 
samples with higher syringyl content (380), which points to higher surface porosity in the 
range of 5-36 nm and above. Although this may explain differences in enzymatic 
solubilization with free cellulases, this porosity range may not equally aid microbes with 
much larger footprints (i.e., micron size) which utilize complex, cell-bound cellulosome 
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clusters. However, it remains to be determined whether the correlation between lignin 
composition and molecular size and the porosity of cellulose fibrils extends to future 
observations. 
5.4 Conclusions 
While microbial hydrolysis of unpretreated or minimally pretreated lignocellulosic 
substrates is considered more efficient than with cell-free enzyme mixtures, we found 
biomass properties to have equal impact on their capacity to solubilize celluloses and 
hemicelluloses. In particular, solubilization was greatly improved on the Populus 
phenotype with a higher ratio of syringyl-to-guaiacyl lignin. The results found the two 
significant properties of Populus tested in this study were cellulose accessibility and lignin 
molecular weight, both positively correlated to the S/G ratio. We suggest that higher 
syringyl content leads to larger, linear lignin chains, which presents less interference for 








CHAPTER 6. EFFECTS OF BIOMASS ACCESSIBILITY AND 
KLASON LIGNIN CONTENTS DURING CONSOLIDATED 
BIOPROCESSING IN POPULUS TRICHOCARPA† 
6.1 Introduction 
In biomass, pore sizes are purportedly related to the synergism between fungal 
enzymes.  Depending on their sizes, certain pores may filter enzymes that are too large to 
pass, thereby separating them from smaller enzymes and reducing the synergy between 
these enzymes (387).  During biomass deconstruction, synergism has been shown to 
improve the rate and extent of solubilization (388) with fungal cellulases.  Hence, 
reductions in enzyme synergism have detrimental effects in overcoming biomass 
recalcitrance and lowering the production costs for cellulosic ethanol.  Similarly, 
Clostridium thermocellum, a consolidated bioprocessing (CBP) microorganism, relies 
heavily on enzyme synergism to achieve unprecedented hydrolysis rates.  The enzyme 
synergy is typically attributed to a specific organelle; however, these synergistic 
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DOI:10.1021/acssuschemeng.7b00449 and is referenced as Akinosho, H.; Dumitrache, A.; Natzke, J.; Muchero, W.; Jawdy, S. S.; 
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The Simons’ stain technique assays a fiber’s specific surface area (SSA) through 
semi-quantitative measurements.  The SSA, which has been linked to favorable hydrolysis 
properties, estimates the fiber’s exterior and interior surface areas to assess surface area 
per mass of cellulose.  The exterior surface area depends on the fiber width and length, 
while the interior surface area is determined by the amount of pores and crevices in the 
fiber as well as the size of the lumen (389).  Certain pretreatments remove plant cell wall 
constituents, thereby altering the cell wall structure and increasing the interior surface area.  
Accordingly, the Simons’ stain is routinely used to determine accessibility following a 
pretreatment (390-392). 
The Simons’ stain technique is dependent on two dye, Direct Blue 1 (DB 1) and 
Direct Orange 15 (DO 15), which typically bind to either small (1 nm) or large (5 to 36 
nm) diameter pores, respectively (393).  The dye binding patterns are also related to their 
individual cellulose affinities; DO 15 has a greater affinity to cellulose than DB 1.  The 
ratio of the DO 15 and DB 1 dyes provides a basis for pore size distribution and 
accessibility predictions.  The diameter of a representative cellulase is 5.1 nm, but 
cellulases may range between 4 to 7 nm in size (391, 394).  There is also evidence that 
hemicellulose may influence accessibility measurements as determined by other Simons’ 
staining studies (283, 390). 
During consolidated bioprocessing, the bacterium deconstructs biomass using cell-
bound and cell-free cellulosomes and utilizes cellulose-derived degradation products to 
yield ethanol amongst other fermentation products.  The cell-bound cellulosome is 
anchored to the bacterial surface via a scaffoldin, whereas the cell-free cellulosome is 
secreted. The carbohydrate-active enzymes of the cellulosome complex anchor to the 
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scaffoldin through hydrophobic mediated cohesin-dockerin interactions.  The cellulosome 
is 18 nm in diameter —much larger than the estimated 5.1 nm cellulase diameter.  The 
pore-dependent filtering effect, and therefore accessibility, may exert much less of an 
impact during consolidated bioprocessing, as many of the enzymes involved in 
deconstruction are cellulosomal bound.  C. thermocellum likely peels cellulose microfibrils 
from the biomass surface as opposed to fungal enzyme systems, which cause pitting in 
biomass (395).  This mode of action may also make pore size (and accessibility) irrelevant 
as C. thermocellum may not require entrance in to pores to carry out CBP; however, 
Dumitrache et al. have identified accessibility differences with the Simons’ stain before 
and after CBP, which were possibly linked to structural differences in lignin, as 
contributors to the observed ethanol yields (275). 
The negative correlation between biomass porosity and density (396, 397) provides 
a starting point for the selection and comparison of wood for Simons’ staining.  Wood 
density and surface roughness also appear to be interconnected (398), which is possibly 
due to their relationship to the number of pores.  Therefore, these variables may provide 
useful information for the proposed surface deconstruction of biomass with C. 
thermocellum.  Because density has been linked to surface roughness (398) and porosity 
(396, 397), either of these parameters may provide indications of accessibility through 
Simons’ staining even if the cellulosome does not need to enter the pores.       
This investigation examines Simons’ staining’s relevance to consolidated 
bioprocessing to assess biomass’ susceptibility to microbial solubilization.   Biomass 
porosity, Klason lignin content, surface roughness, and cellulose degree of polymerization 
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were all considered as factors that may affect deconstruction during separate hydrolysis 
and fermentation (SHF) and CBP.  
6.2 Experimental 
 Wood Density Characterization 
Wood density analyses were performed on wood cores collected from field grown 
4-year-old Populus trichocarpa trees in Clatskanie, OR and 3-year old Populus 
trichocarpa trees in Corvallis, OR. All Populus trichocarpa used in this study were natural 
variants.  Field establishment, growth conditions, harvesting and process was previously 
described by Muchero et al. (399) Density was determined using the water displacement 
method as described by Chave (2005) with no modifications (400). Reproducibility of the 
density phenotype across the two sites was assessed based on a common set of 462 
genotypes using Spearmann rank correlation analysis. Eight genotypes representing the 
extreme tails of the phenotypic distribution were selected for accessibility measurements.  
 Consolidated Bioprocessing and Separate Hydrolysis and Fermentation  
Non-pretreated milled (0.84 mm screen) poplar was used at 50 g/L, on a dry-weight 
basis, for the preparation of sterile MTC media for small scale consolidated bioprocessing 
(CBP) screening. Media for each poplar natural variant was prepared anaerobically at 50 
mL culture volume in independent biological duplicates, as previously described 
(Dumitrache et al., 2016) (275). Clostridium thermocellum ATCC 27405, grown in freshly 
prepared cultures, was used at 10% v/v as inoculum of CBP bottles. Aqueous samples were 
collected from each bottle immediately after inoculation and following 96 h of incubation 
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at 60°C with constant shaking. Ethanol content was quantified against known standards by 
HPLC according to standard procedure NREL/TP-510-42623 (401). 
Replicate samples of non-pretreated milled poplar were also subjected to a separate 
hydrolysis and fermentation (SHF) bioconversion process according to previously 
described methodology (Dumitrache et al., 2016) (275). In short, poplar samples were first 
enzymatically hydrolyzed at 50°C for 5 days with a mixture of Cellic Ctec2 cellulases 
(Novozymes North America, Franklinton, NC, USA), Htec2 hemicellulases (Novozymes 
North America, Franklinton, NC, USA) and the Novozymes 188 β-glucosidase 
(Novozymes North America, Franklinton, NC, USA) and the resulting aqueous sugars 
were then fermented at 35°C for 3 days with Saccharomyces cerevisiae D7A ATCC 
200062 (American Type Culture Collection, Manassas, VA, USA). At end-point 
fermentation ethanol yield was determined by HPLC with the same procedure utilized for 
the CBP process.   
 Simons’ Stain 
The Simons’ stain procedure was based on published methodology (Dumitrache et 
al., 2016), and no modifications were made (275).   The Direct Orange 15 (DO15) and 
Direct Blue 1 (DB1) dyes, which were supplied by the Pylam Products, Corp. (Garden 
City, NY) were prepared in Milli-Q water (10 mg/mL).  The DB1 dye solution was used 
as prepared.  The DO15 dye was filtered through a 100 K membrane on an Amicon 
ultrafiltration apparatus (EMD Millipore Corp., Billerica, MA) under 200 kPa of nitrogen 
gas to remove low molecular mass components of the dye (<100 KDa).  Following 
filtration, 1 mL of the concentrated DO15 dye was weighed and dried for three d in a 105°C 
oven.  After the three d drying period, the mass of DO15 was recorded and diluted to 10 
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mg/mL.  A standard curve was constructed individually for the orange and blue dyes.  Each 
tube contained 0.1 ml of phosphate buffered saline solution (aqueous 0.3 M sodium 
phosphate and 1.4 mM sodium chloride at pH 6).  DO15 or DB1 were added to test tubes 
in their respective volumes for a total of seven test tubes (0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8 mL).  
The test tubes were diluted to volume (1 mL) with water. 
 Untreated P. trichocarpa (10 mg) was weighed into seven centrifuge tubes.  DO15 
and DB1 were added in a 1:1 ratio in increasing concentrations.  Phosphate buffered saline 
solution was added to each test tube (0.1 mL), and water was added to dilute the mixture 
to volume (1 mL).  The mixture incubated at 70°C for 6 h in a shaking incubator and 
subsequently centrifuged at 10,252 g for 5 min to separate the remaining dye from the 
biomass.  The supernatant was recovered, and its absorbance was measured on a Lambda 
35 UV-Vis Spectrophotometer (PerkinElmer, Waltham, MA).  The absorbance was 
transformed into O:B ratio according to calculations from Chandra et al. (402).   
 Klason Lignin Content Determinations 
Klason lignin contents were determined using a modified version of NREL’s 
Determination of Structural Carbohydrates and Lignin in Biomass.  Dry, milled (0.84 mm 
screen) poplar (0.175 g ± 0.005 g) was weighed in flat-bottomed tubes, and 1.5 mL of 72% 
v/v sulfuric acid (VWR North America, Radnor, PA) was subsequently added.  The tubes 
were placed into the Digiblock digital block heater (Sigma Aldrich, St. Louis, MO) to 
maintain the temperature at 30°C and stirred every 3 to 5 min for 1 h.   Each sample was 
diluted to 42 mL, while minimizing Klason lignin losses.  The diluted samples were 
autoclaved for 1 h at 121°C and cooled to room temperature.  Following acid hydrolysis, 
the hydrolysis tubes were diluted to volume (50 ml).  The hydrolysate was filtered through 
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G8 glass filters to separate sugars from the Klason lignin.  The samples were filtered 
through glass filters to separate the filtrate from the retentate.  The remaining solids were 
heated at 105°C and weighed 24 h later to determine Klason lignin content.  The Klason 
lignin content was calculated by determining the weight (g) of lignin that remains after 24 
h as a percentage of the initial mass of the biomass.   
The sugars were diluted accordingly and analyzed on a high-performance anion 
exchange chromatography with pulsed amperometric detection (Dionex ICS-3000, Dionex 
Corp., USA).  The instrument was equipped with a PC10 pneumatic controller, CarboPac 
PA1 guard column (2 by 50 mm, Dionex, Dionex Corp., USA), a CarboPac PA1 column 
(2 by 250 mm, Dionex, Dionex Corp., USA), a conductivity detector, and an AS40 
automated sampler.  The eluent (0.2 M and 0.4 M NaOH) flow rate was 0.4 ml/min, and 
the analysis duration was 70 min per sample.  The sugar contents were quantified with five 
standard curves for glucose, mannose, galactose, xylose, and arabinose 
concentrations.  Fucose (1 mg/ml) was used as an internal standard. 
 Surface Roughness Measurements 
The logs for the surface roughness measurements were cut to form slices that were 
further cut to yield 100 mm thick slices.  The surfaces of the logs were sanded with 109 
µm sandpaper (403) to mitigate irregularities on the log surface from cutting with the band 
saw.  The logs were held at 65% relative humidity until the moisture content of the wood 
was approximately 12% (340).  The surface roughness measurements were carried out at 
room temperature with a stylus type profilometer (Alpha Step® D-600 Stylus Profiler, 
KLA Tencor, Milpitas, CA, USA) with a 5 µm diameter stylus tip and a 90° pin angle.  The 
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force of stylus tip was 5 mN, and the tracing length spanned 2 mm at a scanning 50 µm/s.  
The data were acquired in 2D. 
 Cellulose Degree of Polymerization 
Cellulose degrees of polymerization (DP) were obtained following delignification 
of P. trichocarpa with peracetic acid (3.5s g/g biomass) (339),  Cellulose and hemicellulose 
were subsequently separated from the resulting holocellulose using two successive sodium 
hydroxide treatments.  During the first treatment, 17.5% sodium hydroxide was added to 
the holocellulose and stirred for 2 h.  The NaOH was then diluted to 8.75% and stirred for 
an additional 2 h.  Cellulose, which was insoluble in solution, was separated from 
hemicellulose through filtration through a 0.45 µm polyamide filter.  The cellulose was 
washed via filtration with Milli-Q water, frozen, and freeze-dried.  The dry cellulose was 
vacuum-dried overnight and derivatized with phenyl isocyanate (0.5 mL) in pyridine (4 
mL).  The derivatization took place over 3 d at 55°C, and the derivatized cellulose was 
recovered through precipitation in 7:3 methanol:water.  The derivatized cellulose was 
separated from the mixture with centrifugation at 8228 g for 10 min, washed 7:3 
methanol:water once, and rinsed 2 additional times with Millli-Q water.  The solid was air-
dried and vacuum dried prior to dissolution (1-2 mg/mL) in the mobile phase (THF).   
 Statistical Analysis  
Outlier detection was assessed using the modified z-score (275).  Any datum possessing 
a modified z-score of ±1.5 was considered an outlier and removed from the data set.  
Statistical analysis for the Simon’s stain were conducted on the orange and blue dyes 
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individually for the calculation of the O:B ratio.  One-way ANOVA and Tukey’s tests were 
used at 95% confidence to determine significant differences between means.   
6.3 Results and Discussion   
 Wood Density 
Significant phenotypic variation was observed for the 462 P. trichocarpa genotypes at 
both field sites. At Clatskanie, wood density ranged from 0.22 to 0.72 g/cm3 while ranges 
of 0.29 to 0.55 g/cm3 were observed at the Corvallis field site. Furthermore, the wood 
density phenotype exhibited significant levels of reproducibility across the two field sites 
(r2 = 0.35, p = 0.00). Based on these data, eight genotypes that exhibited consistently high 
and low density at both sites were selected for accessibility assessment (Table 16). 
Table 16 - Densities (g/cm3) of the eight biomasses, as determined by the water 
displacement values  
Low density biomass 
 
Clatskanie (g/cm3) Corvallis (g/cm3) 
GW-9585 0.32 0.33 
BESC-316 0.33 0.35 
GW-9914 0.34 0.35 
GW-9588 0.34 0.35 
High density biomass 
 Clatskanie (g/cm3) Corvallis (g/cm3) 
KLNA-20-4 0.50 0.53 
YALE-27-3 0.50 0.50 
BESC-251 0.47 0.53 
BESC-7 0.50 0.50 
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 Simons’ Stain  
During Simons’ staining, accessibility differences are quantified with the ratio of the 
orange and blue dyes bound to the biomass, where higher O:B ratios are associated with 
higher accessibilities.  Figure 22 describes the natural variants and their associated O:B 
ratios.  Although the O:B ratios are not optimally grouped into four high and four low 
extremes, the data illustrate that higher O:B ratios, and therefore higher accessibilities 
(r2=0.53), were generally associated with lower density poplar.  Theoretically, lower 
density wood has more void space as density and porosity are inversely correlated (404).  
Although the Simons’ stain is commonly applied to pretreated substrates (283, 402, 405-
407), this study demonstrates that accessibility differences can be observed in non-
pretreated biomass with Simons’ staining.   
 
Figure 22 The association between Simons’ stain O:B ratios and P. trichocarpa (harvested 
in Clatskanie) densities (g/cm3). 
 Cellulose DPw 











Scanning electron microscopy imaging data has suggested that cellulose structural 
changes (i.e. fragmentation and deformation) result from pretreatments (408).  
Accordingly, these changes may influence the cellulose fiber’s interior and exterior surface 
areas, which are assessed during Simons’ staining.  Though the P. trichocarpa in this study 
were not pretreated, we assessed cellulose degree of polymerizations (DPws) in the natural 
variants to establish its relationship to accessibility on this basis.  Although the cellulose 
DPws varied by as much as 4000 units between natural variants (Table 17), it appears to 
be unrelated to O:B ratio (r2=0.17).  Furthermore, it appears that cellulose DPws are not 
grouped into high and low extremes as densities are, which further support the lack of 
relationship.   
Table 17 – Cellulose DPws and polydispersity indices from the low and high density P. 
trichocarpa 
 Cellulose DPw SD PDI SD 
 
High density 
YALE 27-3 2939 56 4.18 0.20 
BESC-251 5452 28 4.11 0.13 
KLNA 20-4 5966 20 6.65 0.03 
BESC-7 3207 114 3.11 0.49 
 
Low density 
GW-9914 7250 68 3.59 0.11 
GW-9585 5436 64 4.46 0.10 
GW-9588 5870 418 3.97 0.30 
BESC-316 3932 4 3.07 0.0 
SD: standard deviation 
 
 
 Klason Lignin 
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The Klason lignin contents of the eight natural variants, which varied between 20.3 and 
25.1%, are displayed in Figure 23.  Klason lignin contents may influence the progression 
of CBP as C. thermocellum’s cellulases have been found to adsorb to lignin (356).  
Significant differences in Klason lignin contents existed between several poplar including 
GW-9914 and BESC-7, GW-9914 and BESC-316, and GW-9914 and YALE 27-3 
(P<0.05). Interestingly, Klason lignin contents exhibited a weak linear relationship with 
O:B ratio (r2=0.33).  A linear plot between Klason lignin contents and O:B ratio revealed 
two relatively well-defined groupings of high Klason lignin contents and low 
accessibilities and vice-versa (Figure 24).  Hemicellulose contents did not demonstrate 
significant differences between BESC-251, GW-9914, and BESC-7 (P>0.05).   
 
Figure 23 The Klason lignin contents of the eight natural variants of P. trichocarpa 
 130 
 
Figure 24 The association between O:B ratio and Klason lignin content (%).  Dotted circle 
represents high Klason lignin contents and low O:B ratio, and solid circle represents low 
Klason lignin contents and high O:B ratio. 
 Surface Roughness 
Surface roughness measurements were expected to identify whether the porosity 
extremes are manifested at the biomass surface, where C. thermocellum is believed to carry 
out CBP.  Surface roughness measurements were designed to determine if these 
irregularities influence C. thermocellum’s interactions with the wood surface and promote 
the hydrolytic activity of a CBP microorganism. In Figure 25, the low density biomasses 
generally possessed higher average roughness (Ra), reduced valley depth (Rv), and reduced 
peak depth (Rp) values than the high density biomasses.  The surface roughness 
 131 
measurements, similar to the density data, were grouped into two extremes, which verify 
that the porosity differences are manifested at the surface of the wood.   
 
Figure 25  Average roughness (Ra), reduced peak height (Rp), and reduced peak depth 
(Rv) of the high and low density biomass 
 Ethanol Yields from SHF and CBP 
Although SHF generated better ethanol yields than CBP, BESC-7 consistently produced 
low ethanol yields, whereas GW-9914 consistently produced one of the highest ethanol 
yields (Table 18).  While the differences in ethanol production were not significantly 
different between BESC-251 and GW-9914 during CBP (P>0.05), the two means were 
found to be different in SHF (P<0.05).  During SHF, the higher porosities may have 
facilitated cellulase entry during hydrolysis.   and the higher concentrations of glucose may 
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account for the ~20 mg/g discrepancy in ethanol yields between GW-9914 and BESC-251, 
assuming the threshold for sugar inhibition was not reached.  S. cerevisiae possesses 
impressive ethanol tolerance (409) and achieves high ethanol productivities (410), which 
may account for the higher ethanol yields during SHF than with CBP.    
Surface irregularities, which are likely associated with porosity in this study, appear 
to be relevant to CBP with C. thermocellum.  Surface roughness values identified GW-
9914 and BESC-7 with the roughest and smoothest surfaces, respectively.  Hence, Simons’ 
staining porosity measurements can provide useful information about the biomass surface.   
Klason lignin content may hold importance in the observed CBP trends.  Total 
lignin content alone, when above 20% (w/w), has not been strongly correlated with 
improved enzymatic hydrolysis of poplar (307).  In this study, however, Klason lignin 
content and accessibility may be indirectly related to hydrolysis by fermentation yields.  
The best and poorest ethanol yielding biomass demonstrated noticeable differences in 
Klason lignin content and accessibility.  GW-9914 possessed the lowest Klason lignin 
content, whereas BESC-7 possessed the highest. Furthermore, GW-9914 was predicted to 
be most accessible, whereas BESC-7 was predicted to be least accessible.  Hence, the 










SD: standard deviation 
Table 18 – Ethanol yields (mg/g biomass) from SHF with Saccharomyces cerevisiae and 
CBP with C. thermocellum 
6.4 Discussion 
Few studies have suggested that lignin content and/or structure play a role in the 
efficiency of CBP (67, 309); however, there is only one known study that establishes a 
relationship between the Simons’ stain and CBP (275).  Neither the SHF nor the CBP 
ethanol yields clearly pointed towards a dominating effect of either variable; however, the 
two may be related as higher Klason lignin contents may limit enzyme or cellulosomal 
accessibilities. Regardless, studies suggest that lignin content contributions amongst other 
factors impact ethanol production (411, 412).  For example, Grabber et al. reported that 
lignin content, in addition to lignin-ferulate crosslinking, was more influential than lignin 
composition during fermentation.  In Grabber’s study, elevated Klason lignin contents (128 
mg/g biomass) were linked to 12-fold increases in hydrolysis lag times compared to the 
nonlignified counterparts (5 mg/g biomass), when fungal cellulases were employed (411).  
SHF CBP 
  
Ethanol Yield    
  
Ethanol Yield    
(mg/g biomass) SD (mg/g biomass) SD 
BESC-7 24.24 0.24 BESC-7 0.17 0.04 
KLNA-20-4 30.44 1.12 BESC-316 0.34 0.03 
GW-9585 33.41 0.57 GW-9588 0.35 0.01 
BESC-316 35.96 0.36 GW-9585 0.50 0.08 
GW-9588 37.34 1.29 YALE-27-3 1.69 0.16 
YALE-27-3 39.23 0.68 KLNA-20-4 1.81 0.33 
BESC-251 39.52 0.11 GW-9914 2.68 0.59 
GW-9914 61.83 2.61 BESC-251 2.77 0.89 
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In this study, we observed much lower ethanol yields during CBP as compared to SHF, 
which may be attributed to a more potent or confounded effect of lignin on C. 
thermocellum’s cellulases and cellulosome.   
Although accessibility and density were related in this investigation, their 
relationship with ethanol yields, lignin content, and cellulose DP are less well-defined. 
There was no significant correlation between wood density and lignin content in the 462 
genotypes evaluated (r2 = 0.004, p = 0.92); however, this observation suggests that the two 
phenotypes may have synergist but independent effects on cell wall deconstruction. During 
SHF and CBP, low and high density biomasses regularly produced ethanol yields that were 
not significantly different from one another (P>0.05).    The observed trends in BESC-7 
and GW-9914 suggest that Klason lignin contents play a role in O:B Simons’ stain 
measurements.  Meng et al. (2015) have proposed that lignin exerts a minimal impact on 
cellulose accessibility; however, lignin likely limits xylan accessibility, which negatively 
influences cellulase accessibility to cellulose (390).  Shao et al. formed similar conclusions, 
arguing that hemicellulose influences accessibility during CBP (413).  Higher Klason 
lignin contents may indicate a similar trend of lignin on hemicellulose accessibility and the 
binding of orange and blue dyes to cellulose. 
The predicted least and most accessible poplar generated some of the worst and best 
ethanol yields, respectively. Klason lignin contents and accessibilities of the 
aforementioned poplar may work together in restricting ethanol yields.  To further 
understand this occurrence, future studies can assess the CBP ethanol yields when lignin 
contents are not significantly different from one another and accessibility varies or when 
accessibilities remain constant while lignin contents vary.  In this study, Simons’ staining 
 135 
successfully identifies accessibility differences that are present in top and poor-performing 
poplar, but Klason lignin content appears to be an important factor in ethanol yields.  
Accessibility alone, as predicted by Simons’ staining, does not appear to be a sole predictor 






















CHAPTER 7. THE STRUCTURAL CHANGES TO POPULUS 
LIGNIN DURING CONSOLIDATED BIOPROCESSING WITH 
CLOSTRIDIUM THERMOCELLUM 
7.1 Introduction 
Consolidated bioprocessing (CBP) has often been regarded as an effective and 
potentially revolutionary process for the commercialization of cellulosic ethanol 
(132, 414-416). CBP microorganisms address challenges associated with enzyme 
production (417) and biomass recalcitrance (2) that plagued ethanol production from 
fungal cellulases. Clostridium thermocellum, a thermophilic and anaerobic CBP 
microorganism, produces cellulosomes to deconstruct the plant cell wall architecture 
and utilizes primarily cellobiose and glucose to generate fermentation products such 
as ethanol and acetate. Few investigations have successfully identified changes to 
cellulose (198, 280) and hemicellulose (196) during CBP, while the current 
understanding of the structural changes to lignin during CBP still remain in its 
infancy (275).  
Lignin is a key contributor to biomass recalcitrance. For instance, it inhibits 
enzyme accessibility and reduces enzyme activity by non-productive enzyme 
adsorption (368).  Likewise, lignin influences biomass conversion during CBP 
(363), and the interactions between lignin and CBP microorganisms suggest that 
lignin content and structure affect CBP (275, 362). Even though lignin introduces 
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recalcitrance during CBP, Clostridium thermocellum contains at least 70 enzymes 
(418) that alter plant cell wall components, which in some cases reduce 
recalcitrance.  Its pectinanses (419), chitinases (420), cellulases (421), amylases 
(422), β-glucanases (423), and hemicellulases (196, 424) include the host of 
enzymes available to C. thermocellum to modify the plant cell wall components and 
access cellulose.  Although lignin is a major cell wall component and known 
contributor to recalcitrance, C. thermocellum contains no known lignin modifying 
enzymes, whose presence would be especially useful in accessing cellulose.  To 
verify the static nature of lignin during CBP, lignin structure was studied using two 
spectroscopic techniques: NMR and FTIR spectroscopy. 
7.2 Experimental  
 Materials 
Two natural variants of Populus trichocarpa, which were harvested from 
Clatskanie, OR, were supplied by the Biosciences Division at Oak Ridge National 
Laboratory. All chemicals including ethanol, toluene, dimethylsulfoxide (DMSO-d6) and 
hexamethylphosphoramide (HMPA-d18) that were used in this study were purchased from 
VWR, Sigma-Aldrich or Armar Chemicals. 
 Consolidated bioprocessing  
Consolidated bioprocessing was conducted with autoclaved Populus trichocarpa. 
Sterile media for thermophilic Clostridia (MTC) were prepared in 50 mL culture volumes 
under anaerobic conditions. Freshly prepared Clostridium thermocellum ATCC 27405 was 
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used at a 10% (v/v) inoculum in batch bottle fermentations. CBP was conducted at 50 g/L 
(dry basis) biomass loading for five days at 58 °C and 300 rpm. The fermentation broth 
was centrifuged to separate the solid residuals from the spent enzyme broth. The recovered 
residuals were freeze-dried for spectroscopic analyses.  
 Whole-cell Wall Analysis with Nuclear Magnetic Resonance (NMR) spectroscopy 
P. trichocarpa were Soxhlet-extracted with an ethanol/toluene mixture (1:2, v/v) 
for 8 h to remove extractives. The extractive-free samples were air-dried and ball-milled 
using a planetary ball mill (Retsch PM 100) at 600 rpm.  Grinding occurred in zirconium 
dioxide (ZrO2) vessels (50 mL) using ZrO2 ball bearings (10 mm × 10) for 2 h and 26 min 
(5 min grinding and 5 min break) for whole cell wall NMR analysis. The ball-milled 
biomasses (~50 mg) and DMSO-d6/HMPA-d18 (4:1 v/v, ~0.5 mL) were loaded in a 5 mm 
NMR tube. The biomass and NMR solvents were vortexed to form a uniform gel, and 
placed in a sonicator for 1-2 h before analysis. The NMR spectra were measured at 298 K 
using a Bruker Avance III 400 MHz console equipped with a 5 mm Broadband Observe 
(BBO) probe. Two-dimensional (2D) 1H–13C heteronuclear single quantum coherence 
(HSQC) spectra were collected using a Bruker standard pulse sequence (‘hsqcetgpsi2’). 
The measurement parameters are as follow: spectral width of 11 ppm in F2 (1H) with 2048 
data points and 190 ppm in F1 (13C) with 256 data points, 64 scans (NS) and 1 s interscan 
delay (D1). Volume integration of contours in NMR spectra was carried out using Bruker’s 
TopSpin 3.5 software. For quantitating lignin subunits, the S2/6, S’2/6 (oxidized), G2, and 
PB2/6 contours were used.  Lignin interunit linkages were also measured with the α-position 
of each unit (β-O-4, β-5, and β-β) as described in our previous study (425). 
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 Fourier Transform Infrared (FTIR) spectroscopy 
 Lignin-enriched residues, which were prepared according to a previous study 
(275), were analyzed with a Perkin Elmer 100 FTIR spectrometer (Wellesley, MA) with a 
universal attenuated total reflection (ATR) accessory. The FTIR spectra were acquired with 
32 scans at 4 cm-1 resolution from 4000 to 800 cm-1. The S/G index was measured by 
normalizing the spectra to 1505 cm-1 and subsequently dividing the peak at 1328 cm-1 (C-
O in syringyl lignin) by 1233 cm-1 (C-O in guaiacyl lignin), as discussed in the previous 
study (426). 
7.3 Results 
7.3.1.1 Whole-cell Wall Analysis 
To establish structural changes during CBP with Clostridium thermocellum, 
lignin structure in two natural variants (BESC-102 and BESC-922) of P. trichocarpa 
was characterized. Nuclear magnetic resonance (NMR) spectroscopic analysis was 
conducted to analyze the structural properties of lignins in the whole plant cell wall 
before and after CBP with Clostridium thermocellum.  Figure 26 presents the 2D 
two-dimensional heteronuclear single quantum coherence (HSQC) 1H–13C NMR 
spectra of the whole-cell walls for a control (BESC-102 and BESC-922) and CBP-
treated (BESC-102T and BESC-922T) P. trichocarpa. Qualitative analysis 
identified syringyl (S), guaiacyl (G), and hydroxycinnamates (p-hydroxybenzoate) 
in the aromatic regions of the NMR spectra. Also, the relative contents of S and G 
lignins were determined by integration at the S2/6 and G2 contours, which occurred 
at approximately δC/δH 104.0/6.66 and 111.2/6.98 ppm, respectively. The p-
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hydroxybenzoate (PB) content was measured with the PB2/6 contour at 131/7.63 
ppm. The lignin inter-unit linkages were also observed in the aliphatic region of the 
NMR spectra. The cross peaks for β-aryl ether (β-O-4), resinols (β-β), and 
phenylcoumaran (β-5) were quantified at the α-position of each linkage at δC/δH 
72.2/4.90, 87.0/5.48, and 85.0/4.74 ppm, respectively 
Table 19 displays the semi-quantitative analysis of lignin S/G ratio, PB 
content, and the three major inter-unit linkage contents in the P. trichocarpa 
examined in this study. Lignin S/G ratios increased in both P. trichocarpa natural 
variants following CBP. In particular, the P. trichocarpa with a higher initial lignin 
S/G ratio (BESC-922) showed a more notable increase in lignin S/G ratio from 2.69 
to 2.95. The PB content experienced a 1-2% decrease with both P. trichocarpa 
natural variants. The β-O-4 linkage represented the largest relative proportions (66-
68% over total lignin subunits) among lignin inter-unit linkages in the untreated P. 
trichocarpa. The β-O-4 content in both P. trichocarpa natural variants decreased by 
7-8% after CBP. The relative proportions of the carbon-carbon linkages such as β-5 
and β-β did not show noteworthy changes as compared to β-O-4 content after CBP. 
In BESC 922, more than half of β-5 linkages were removed, while the change in β-
β content was minor after CBP. 
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Figure 26 The 2D HSQC 1H – 13C NMR spectra of the whole-cell wall for the control 







Table 19 – Lignin S/G ratio, hydroxycinnamates (p-hydroxybenzoate, PB), and inter-unit 
linkages as determined by whole cell wall NMR analysis. 
 
Aromatic region Aliphatic region 
S/G PB (%) β-O-4 (%) β-5 (%) β-β (%) 
BESC-102 0.96 13 66 1.3 1.5 
BESC-102T 1.00 12 59 1.5 1.1 
BESC-922 2.69 4 68 2.2 4.8 
BESC-922T 2.95 2 60 0.8 4.3 
7.3.1.2 Lignin structural analysis with ATR-FTIR 
In previous studies, Fourier transform infrared (FTIR) has been applied to 
observe changes to lignin with fungal cellulases (427, 428). For example, studies 
have found that the carbonyl peak intensities in lignin’s fingerprint region, 1800 to 
600 cm-1, decreased as lignin-degrading enzymatic activities ensued (427, 428).  
Lignin also elucidates structural changes to lignin (426).  In this study, ATR-FTIR 
was used to assess changes to S and G lignins in lignin-enriched residues from 
untreated and CBP-treated P. trichocarpa. The peak intensities, which were 
normalized to 1505 cm-1, were compared in Figure 27.  The ratio of peak intensities 
at 1328 and 1233 cm-1, which represent C—O in syringyl lignin and C—O in 
guaiacyl lignins respectively, were used to calculate an alternative index for S/G 
ratio (426). Similar to the 2D NMR experiments, the S/G index for BESC-102 (1.08) 
was lower than that of BESC-922 (1.11). In BESC-102, the index was essentially 
unchanged between lignin from control and CBP-treated samples, as the difference 
may have been too small for FTIR to detect; however, BESC-922’s S/G index 
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increased from 1.11 to 1.15 following CBP. In this study, both NMR and FTIR 
analysis results indicated similar trends in lignin S/G ratio due to CBP.  
 
Figure 27 FTIR spectra of the two P. trichocarpa before and after CBP with C. 
thermocellum 
7.4 Discussion 
The observed transformations in lignin reported in this and our previous study 
(275) suggest that C. thermocellum catalyzes bond cleavage in lignin. Any enzymes 
that catalyze these changes (i.e. increased S/G ratio, decreased β-O-4, and decreased 
β-5) would be different from the fungal enzymes that are known to catalyze similar 
reactions. Wei et al. studied gene expression in C. thermocellum during CBP on 
pretreated yellow poplar and found that the genes that traditionally encoded lignin 
degradation involving enzymes such as lignin peroxidase (LiP), laccase, or 










manganese peroxidase (MnP) were not identified from transcriptomic profiling 
(429). The absence of these enzymes does not negate the presence of other lignin 
modifying enzymes in C. thermocellum that are specific to bacteria. For example, 
the bacterium Pantoea anantis Sd-1 hydrolyzes cellulose, hemicellulose, and lignin, 
but contains bacterial specific enzymes  (429). Nonetheless, microbial β-etherases, 
a class of microbe specific enzymes that remove β-O-4 bonds in lignin, could be 
possible enzymes for the lignin alteration (430, 431). However, additional studies 
are needed to identify the enzymes involved in lignin degradation by C. 
thermocellum. 
Phenolic groups have been recognized as a common initiation site for 
enzymatic depolymerization of lignin (432). Additionally, steric effects and 
substituent properties largely influence the ease of phenolic radical generation (433). 
The increase in lignin S/G ratio is attributed to the removal of G lignin, whose 
phenolic group is less sterically hindered than S lignin. The reduced peak integration 
intensities, as determined by HSQC, in G lignin following CBP further support this 
notion. C. thermocellum may also remove PB during biomass deconstruction, 
according to the data collected during this study. PB’s unhindered phenolic group 
renders it a viable starting site for chemical reactions; however, the strong electron 
withdrawing substituent at the para position on the aromatic ring may negatively 
impact its reactivity.  
Lignin modification may also be important in that lignin has been found to 
participate in electron transfer reactions with enzymes that facilitate its degradation. 
Versatile peroxidases isolated from Pleurotus eryngii, a fungus, appear to rely on 
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lignin for direct electron transfer reactions (434). Harvey et al. argue that the 
peroxidases in the fungus Phanerochaete chrysosporium begin the breakdown of 
lignin following the single electron transfer from the aromatic ring to its oxy-ferryl 
active site (435). To our current knowledge, similar relationships between lignin and 
cellulosomal enzymes have not been established in C. thermocellum.  Although 
additional research will pinpoint lignin-degrading enzymes, structural changes to 
lignin were observed during pH controlled CBP. Nonetheless, this heteropolymer 
remains a hindrance to CBP. 
Aside from glucose, the core substrate of current cellulosic ethanol, lignin has 
several growing outlets for biomass valorization (436). Various studies have 
proposed using lignin generated from ethanol production for biomass-derived 
materials, chemicals, and fuels using catalysis (437), enzymes (438), 
microorganisms (439, 440) and pyrolysis (441) to achieve the desired end products. 
The structure of lignin, whether derived from biomass, pretreatment, or cellulosic 
ethanol processing, influence its suitability for future processing. Oftentimes, it is 
desirable that lignin possesses certain structural features such as high S/G ratio or 
high β-O-4 contents that facilitate subsequent processing (442).   
The resultant lignin in the fermentation residues is relevant to a number of 
applications. Industrial scale ethanol production from CBP will warrant lignin 
valorization to maximize the profitability of the major biomass components. 
Accordingly, lignin structure following CBP will dictate the ease and choice of 
processing. The results in this study show that modification to lignin structure are 
minor following CBP. Therefore, lignin structure is expected to be reasonably 
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preserved during CBP, which has important implications for β-O-4 content and S/G 
ratio. Several recent studies into pyrolysis and its product heterogeneity employed 
β-O-4 model compounds (443-447), which indicate that these bonds are of particular 
interest in lignin upgrading. In other lignin valorization applications, chemical 
conversions commonly target the β-O-4 linkage (448-451). Populus lignin after CBP 
still contained ≥59% β-O-4 contents over total lignin subunits in this investigation, 
which render lignin from CBP especially relevant to valorization.   
The S/G ratios also exhibited relatively minor changes, meaning that CBP did 
not drastically alter lignin. The low S/G ratio lignin natural variant would be a 
competitive starting material for carbon fibers, because low S/G ratios have been 
associated with higher glass transition temperatures, greater cross-linking, and 
higher molecular weights, which promotes its function in carbon fibers (452).  
7.5 Conclusions 
In sum, the effects of C. thermocellum on P. trichocarpa lignin structure were 
investigated using 2D HSQC NMR and FTIR analyses. The alteration of lignin, such 
as lignin S/G ratio and β-O-4 content, during CBP indicated that C. thermocellum 
presumably interacts with lignin in the biomass; however, these changes were not 
significant. Accordingly, the CBP-treated lignin without significant modification of 






 Biomass is an underutilized resource for renewable energy; however, biomass 
requires a cost-effective process to improve its economic feasibility as a cellulosic ethanol 
fuel source.  Integration of the conventional four-stage process scheme opens opportunities 
for drastic cost reduction.  Integration manages variables such as temperature gradients 
between former and subsequent stages as well as reduces chemical and energy demands 
required to produce ethanol.  C. thermocellum not only inherently carries out process 
integration to generate ethanol but also possesses a cellulosome, a powerful accessory that 
promotes synergistic relationships between enzymes during deconstruction.  
 Several reports have successfully modified the metabolic processes required to 
enhance ethanol yields (453-455) in C. thermocellum to redefine its relevance to large-
scale cellulosic ethanol production.  Although these reports signify substantial strides 
towards advancing C. thermocellum, these studies oftentimes underemphasize the 
chemistries of cellulose, hemicellulose, and lignin and their resulting impact on CBP.  In 
particular, the studies presented in this work have demonstrated that biomass structure 
influences the extent of CBP.    
Although CBP can potentially lower ethanol production costs, lignin remains a 
substantial barrier.  In each investigation, lignin negatively impacted hydrolysis and/or 
fermentation during CBP.  Lignin may impair cellulosomal hydrolysis efficiencies because 
C. thermocellum’s enzymes are inhibited by previously established recalcitrant features 
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(i.e. low S/G ratio, high lignin contents, etc.) that result in nonproductive binding and 
reduced accessibility.  Unlike in C. thermocellum, the limited hydrolysis of fungal 
cellulases poses the greatest concern during the hydrolysis stage as large-scale 
fermentations for ethanol production are well-established.  Costs are driven up as more 
vigorous chemical and energy inputs are required to convert cellulose into ethanol.  In C. 
thermocellum, recalcitrance appears to have a multi-fold effect.  Limited hydrolysis may 
reduce the concentrations of available sugars, which in turn decreases ethanol production 
as there are fewer starting materials available for metabolism.  Though it was not fully 
explored in these studies, lignin may also generate products that interfere with metabolism 
in during CBP.   
Overall, C. thermocellum is a feasible alternative to fungal enzymes, and its benefits 
over fungal cellulases warrant further research.  Unfortunately, modifications to biomass 
structure are inevitable to make ethanol more competitive on an industrial scale in either 
matrix.  Lignin is once again a major impediment to biomass solubilization as recalcitrance 










The works presented consistently identified lignin as a limiting agent to 
CBP.  Specifically, lignin content and structure were regularly identified as prominent, 
influential factors.  Although the data gathered provide a compelling case for the role of 
lignin, additional experimentation will provide more detail surrounding the conclusions 
reached. 
Firstly, future studies into recalcitrance should be carried out with C. 
thermocellum’s cellulosome to provide an alternative view of the challenges biomass 
presents during hydrolysis.  For example, the inhibitory effect of lignin content on 
cellulosomal hydrolysis could be studied by hydrolyzing Avicel in the presence of lignin 
model compounds. Lignin adsorption measurements could also be conducted to provide 
support for nonproductive binding to cellulases associated with the cellulosome. 
Cellulosomal studies would also clarify if the lignin degrading enzymes are 
cellulosomal bound or not. Both 2D HSQC NMR and 31P NMR would provide valuable 
evidence of cellulosomal induced lignin structural changes.  2D HSQC NMR would 
provide a holistic view of lignin S/G ratio and interunit linkages, while 31P NMR would 
provide estimations of the phenolic group contents.  If 2D HSQC NMR identifies structural 
changes to lignin in several natural variants, phenolic group estimations will help to 
determine whether the phenolic –OH participates in lignin structural modifications.  If 
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these techniques determine that negligible changes occur, lignin structure may have a 
greater bearing its interactions with cellulases. 
This work also warrants further investigation into lignin S/G ratio and its 
relationship to lignin structure.  Higher S/G ratio lignin was associated with improved 
biomass solubilization.  Lignin molecular weight and biomass accessibility were the only 
properties that demonstrated noteworthy differences between the low and high S/G ratio 
biomass.  Because lignin molecular weight was determined using a relative technique, 
molecular structure can influence the apparent molecular size and hence the estimations of 
molecular weight.  To determine the absolute molecular weight of lignin, light scattering 
can be used.   If the data gathered during light scattering verify the trend observed with the 
GPC, high S/G ratio lignin is heavier in molecular weight than low S/G ratio lignin. If 
absolute molecular weights are not significantly different from one another, then the 
differences in molecular weight as determined by the GPC is likely due to structure (i.e. 
linearity or compactness).  
            While the properties of cellulose and hemicellulose require additional attention to 
assess their contributions to recalcitrance, lignin has demonstrated its involvement 
reducing the efficiency of CBP. Understanding lignin’s detrimental effect will open 
opportunities for combating recalcitrance in this promising process, and ideally pave the 
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